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ABSTRACT 
The rolling parameters and their influences on thin metal strip rolling are addressed in this 
thesis by conducting various experiments and theoretical analyses using Matlab software. 
Thin carbon steel and aluminium strips are used for evaluating the influences of the cold 
rolling process parameters on the strip shape and profile. Throughout the thesis the shape 
and the profile of the thin low carbon steel and aluminium strips, and the microstructure 
and hardness effects of the thin low carbon steel strip are studied using newly developed 
strip shape control approaches. In the metal rolling industry, improvements need to be 
made to remain competitive in the market. Advancements need to be made in the 
manufacturing processes to increase productivity and produce better product quality. In this 
thesis, the strip shape and profile are probed for maintaining the dimensional accuracy due 
to the increasing applications of thinner strips.   
The thesis objective was achieved by adopting a quantitative experimental methodology. 
Extensive testing and data analyses were involved in this thesis. A Hille 100 rolling mill 
was used. Details about the equipment used, the experimental procedure, the data managing 
and analysis method, and techniques and obtained results are shown in detail. 
The influences of cold rolling process parameters such as the work roll cross angle, work 
roll shifting, strip width, rolling speed, reduction and lubrication of thin carbon steel and 
aluminium strips are analysed under the speed ratios of 1.1 and 1.3. Work roll cross angle 
and work roll shifting methods effectively reduced the rolling force, which are as a result 
improved the strip shape and profile. The compatibility of minimising the local roll wear 
while simultaneously controlling the strip profile can be improved using the work roll 
shifting method. The strip edge drop and strip crown are improved when the work roll cross 
angle and work roll shifting methods are performed, especially with speed ratio of 1.3, 
which in turn improves the strip shape and profile. The premium results were found when 
combining the work roll cross angle and work roll shifting in the presence of lubrication, 
especially as the speed ratio is increased to 1.3. The effect of rolling speed was not 
significant in terms of strip profile. A higher reduction ratio ensures a better exit strip shape 
which is attributed to uniform distribution of rolling forces in the roll gap. Lubrication has a 
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major effect in improving the strip thickness distribution along the width direction. There is 
no significant change in microstructure in terms of grain size and distribution with a change 
of work roll cross angle, work roll shifting values, rolling speed, and strip width. A slight 
reduction in strip hardness was observed with increase in either work roll cross angle or 
work roll shifting value. Overall, the work roll shifting value and work roll cross angle 
improve the strip profile under both dry and lubricated conditions at speed ratios of 1.1and 
1.3. These two parameters have a primary influence on strip profile which can further be 
improved by other rolling parameters such as the rolling speed, strip width and reduction. 
The theoretical analysis models for analysing the axial rolling force of the thin strip profile 
in cold rolling for work roll cross and shifting methods were also developed through this 
study by considering speed ratios of 1.1and 1.3. The corresponding calculations are 
performed in Matlab and are generated for various speed ratios. The theoretical calculation 
included several steps without considering deflection (flattening of the work rolls) and with 
consideration of deflection (with the presence of flattening of work rolls). The iteration 
methods (for the work roll cross angle case) to calculate the rolling force has been 
developed. Finally, the rolling force has been calculated using Matlab software. The results 
show that, as the work roll cross angle and work roll shifting value increase, the required 
rolling force decreases. Also, the rolling force decreases as speed ratio increases from 1.1 - 
1.3. The theoretical results have been confirmed with the experimental results.  
 
The optimisation conditions for improving the strip shape and profile have been addressed, 
and the suggested method for calculating the axial rolling force that exists across the width 
of thin strip can be used to make products free of defects during cold rolling process. 
 
It is recommended that using various types of lubricants may clarify the effect of different 
rolling parameters on the strip profile control. It is also recommended to investigate the 
effect of other speed ratios (greater than 1.3) together with a wide range of materials such 
as high strength steel and stainless steel. Further research about the strip flatness and 
surface roughness control is also recommended. 
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NOMENCLATURE 
ho or h1 Initial thickness of the strip, (mm) 
fh
 or h2 Exit thickness of the strip, (mm) 
rV  Surface speed of the roll, (mm/s) 
0V , fV  Initial and exit velocity of the strip respectively, (mm/s) 
ld, pL  Arc of contact in the roll gap between the roll and the rolled strip, (mm) 
p Rolling pressure normally acting on strip surface from roll, (MPa) 
Fµ Frictional force that acts on the strip, (N) 
F Rolling force, (N) 
rollE
,
stripE
 Modulus of elasticity for roll material and the rolled strip respectively, (MPa) 
rollV
,
stripV  
Poisson’s ratio for roll material and the rolled strip respectively  
P Roll separating force, (N)  
w Width of rolled strip, (mm) 
  Functional 
L  Roll contact length of the fattened roll, (mm)  
 C x ,  CR x  Strip crown and crown ratio respectively, (mm) 
H(0) Thickness at the strip centre, (mm)  
H(x) Thickness at an arbitrary location, (mm)  
bL  Current fibre length (when long edge strip, the edge fibre), (mm) 
0L  Shortest fibre length (when long edge strip, the centre fibre), (mm) 
c  Per-unit strip crown change, (mm)  
1 2,c c  Entry and exit strip crowns respectively, (mm)  
Ceq The equivalent amount of  roll crown control, (mm)  
wL  Strip wavelength, (mm) 
L  Difference between strip wavelength at middle and edge of strip, (mm)  
I Strip flatness  
pL  Area of contact between the roll and metal, (mm
2
)  
D1, D2 The diameter of the top and bottom work rolls respectively, (mm) 
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µ Coefficient of friction  
  Functional  
𝑅1 , 𝑅2 Radii of the upper and lower rolls respectively, (mm) 
R  Roll flattening radius, (mm)  
Pn Normal force, (N)   
i Shear strength of the interface, (MPa)  
pn Normal pressure, (MPa) 
b or 1  Tension at the backward zone, (MPa) 
f or 2  Tension at the forward zone, (MPa) 
0  Mean value of plane-strain yield stress, (MPa) 
𝜏 Shear stress between the roll and strip, (MPa) 
  Influence coefficient of front tension  
∆c  Change in strip crown, (mm) 
Et Effective taper length (distance from the strip edge to the roll cross section 
where the taper zone begins), (mm) 
𝜃 Work roll crossing angle,(°) 
µt Equivalent coefficient of friction or thrust factor  
r Reduction ratio in thickness, (mm)   
δh Strip profile wedge or difference between drive side strip thickness and 
operator side strip thickness, (mm)  
δs Strip displacement from mill centreline, (mm)  
h  The difference between the entry and the exit thickness, (mm)  
0
eF  Deformation rolling force at the elastic entry zone, (N) 
pF  Rolling force at plastic deformation zone, (N)  
1
eF  Rolling force at elastic exit zone, (N) 
0
ph  Entry strip thickness in plastic deformation zone, (mm)  
1
ph  Exit strip thickness at plastic deformation zone, (mm)  
0k , 1k  Entry strip deformation resistance and exit strip deformation resistance, (N) 
mk  Deformation resistance at plastic deformation zone, respectively, (N) 
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FQ  Influence coefficient of friction  
  A model coefficient 
E  Young’s module  
  Influence coefficient of back tension  
eqh  Corresponding equivalent reduction of the strip, (mm)  
L  Ccoefficient according to the strip rolling length for the work roll  
  Coefficient according to the rolling speed  
min  Initial value  
C  Learning parameter  
k  Deformation resistance  
0k , 0 , n  Model coefficients  
  Coefficient delta 
  Reduction ratio, (%) 
K,𝜎 Constrained yield stress and yield stress respectively,(MPa) 
n  n  value, (external friction effect coefficient) 
L  Total contact length between the work roll and the strip (without work roll 
cross angle and work roll shifting), (mm) 
l  Contact length between top and bottom work rolls in case of shifting, (mm) 
1P  Rolling force for work roll cross angle case, (N) 
1a  Contact area calculated from the iteration method, (mm
2
) 
AD ½ contact length between the work roll and the strip, (mm) 
1.1 1.2 1.3, ,    Coefficient of friction for 1.1, 1.2, and 1.3 speed ratios respectively 
AC ½ length of the strip width, (mm) 
1  Deflection of the work rolls, (mm) 
2  Spring-back of the strip, (mm) 
B b  Width of the strip before and after rolling, (mm) 
e  Mathematical constant which = 2.71828 , (mm) 
C5  Variation value between the thickness at the strip centre and thickness at a 5.0 
mm distance from the edge, (mm) 
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Ce   Variation value between the thichness at the 35.0 mm distance from edge and 
the thickness at 10.0 mm distance from the strip edge, (mm) 
DSR  Differential speed rolling  
AGC  A hydraulic Automatic Gauge Control which is available on the Hille 100 
experimental rolling mill 
OS and DS Interface unit operator side and driver side of the Hille 100 rolling mill 
respectively.  
WRB Work Roll Bending Systems  
BRB Backup Roll Bending Systems  
VP Vertical plane roll bending systems  
HP Horizontal plane roll bending systems  
HC High crown mill system 
HCW  A 4-high mill with work rolls shifting in the axial direction and a positive 
work roll bending. 
CS Cyclic shifting method  
TA Taper Adjusting method by positioning the tapered portions of work rolls 
inside the strip edge 
CVC  Continuous variable crown control system  
WRC  Work roll cross method 
WRS  Work roll shifting method 
BU Backup roll cross system 
PC  The pair cross mill, in which the backup roll and work roll axes of each top 
and bottom are crossed. 
DC  Work roll and backup roll of each top and bottom rolls units are crossed in 
opposite directions  
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Profile and Mechanical Properties) was published in a Peer-Reviewed journal, and the 
impact factor is 0.33. 
7
th
 paper (Improving Thin Strip Profile Using Work Roll Cross and Work Roll Shifting 
Methods in Cold Strip Rolling) was published in a Peer-Reviewed journal. 
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Chapter 1 
 
INTRODUCTION 
1.1 Background 
Cold rolling process passes the workpiece between two compressive rolls to reduce its 
thickness which is used to produce thin strip [1-3]. It is called cold rolling because the 
process is carried out below the recrystallisation temperature of the material. This process is 
very important for thin strip to provide remarkable material properties, such as increased 
strength, and fine thickness tolerances can be achieved [4, 5]. 
 
It is not feasible to obtain the desired reduction in one pass in either hot or cold rolling for 
any geometry. The cross sectional area is too large to allow such a reduction. Several pairs 
of cylinders placed in the rolling mill, successively deform the work-piece by using several 
stands where the final deformation is progressively applied. This leads to the occurrence of 
forces between the two successive stands. These interacting forces induce tension (in-
planeloads) [6]. 
 
During rolling process, all components of the rolling mill undergo elastic deformation due 
to rolling force. This includes flattening of work rolls, flattening of backup rolls, deflection 
of work rolls and deflection of backup rolls [7]. This leads to a non-uniform thickness 
profile of the rolled strip as shown in Fig. 1.1. 
 
Figure 1.1 Non-uniform thickness profile of the rolled strip 
 
The quality of the output strip is characterised by the strip profile and flatness. Depending 
on the mill parameters and profile control mechanisms, the strip profile can be any shape; 
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however, it often tends to have a convex parabolic form, largely because the rolling force is 
greater at the centre than that at the strip edges. The strip profile can be successfully 
measured using strip profile gauges which essentially use radiation to scan the thickness 
distribution. 
 
The efficiency of the rolling process can be significantly improved by controlling the 
rolling process variables. Although the rolling process is affected by a number of variables, 
the most common variables that control the rolling process are roll diameter, material 
resistance, friction between the metal and rolls and presence of front and back tensions [8]. 
In rolling process, the metal workpiece and the rolls are in relative motion under a normal 
load and therefore, friction between them is of great importance [9]. Although, the 
frictional force helps pull the metal into the rolls, it also affects the roll pressure in terms of 
magnitude and distribution [8, 10]. All rolling parameters, for example, rolling speed, 
reduction, rolling forces, pressure distribution, work roll diameter and shape and profile, are 
all dependent on the coefficient of friction. 
 
Asymmetrical rolling is where the radii, velocity, torque and surface roughness of work 
rolls are different [11]. This is shown in Fig.1.2, where it can be seen that the work rolls 
have unequal diameters and therefore unequal circumferential velocities. There are two 
ways that asymmetrical rolling can be achieved, one is by having equal diameters of  work 
rolls and rotating them at different angular speeds, the other is to have different diameters 
of work rolls and operate them at equal angular speeds. 
 
 
 
 
 
 
 
 
Figure 1.2 Asymmetrical rolling 
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Cross shear region is often generated between the backward and forward slip zones during 
asymmetrical rolling process [12]. A study by Pan [13] has shown that asymmetrical rolling 
can decrease the rolling force and torque by up to 40%.  It has also been stated that there is 
a significant reduction in the rolling pressure [11] and that it is an effective method for 
large thickness reductions [11]. 
1.2 Significance of this research 
Cold rolling is the most common way of manufacturing strip or foil sheet products [14, 15]. 
A number of studies have demonstrated the wide applications of thin strip in the electronics 
and instrument industries [16, 17]. To achieve an accurate and precise output, these 
industries require an exceptional dimensional accuracy of the strip, especially, for 
applications like electrical contacts and signal receivers. The shape and profile of the strip 
directly affect the effectiveness and accuracy of these devices which rely on good 
connection for signal processing. The advancement of electronic devices in terms of 
performance and size reduction is largely dependent on the improvement of the materials 
and components used in making these devices. Continuous research and development of 
materials and manufacturing process is needed to support the growth of the electronic 
industry. Therefore, it is essential that the thin strip rolling process is investigated to 
identify the current gaps and contribute to the field of quality strip shape control. 
1.3 Rationale 
The variety of cold rolled thin strip applications in industry with gauges of less than 0.5 
mm thick has increased, and the demand for high quality and productivity has compelled 
industry to operate at higher performance standards to remain competitive [18]. For 
instance, by reducing the material thickness from 0.2 mm to 0.1 mm, cost and component 
weight can be reduced. Producing thinner strip needs industries to apply considerable 
amounts of money and time [4, 5]. On the other hand, because of the elastic deformation of 
the rolls during rolling process, maintaining thin strip shape and profile and dimensional 
accuracy is difficult [17]. Research is still undertaken to further improve the mechanics of 
thin strip rolling to achieve the shape and profile requirements of industry. 
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The need to develop materials with superior mechanical properties (ultrafine grained 
metals) has led to development of a range of severe plastic deformation techniques. One of 
the easiest ways of obtaining improved mechanical properties is differential speed rolling 
[19, 20]. However, there has been a limited number of works regarding the texture 
evolutions achieved after deformation using various roll speed ratios. Further, the effects of 
the deformation path during rolling on the microstructural and textural developments as 
well as the mechanical properties have not been given sufficient attention. 
 
As will be shown in Chapter 2, the available literature indicates that there has been a lack of 
evidence on studies investigating the effect of different speed ratios during asymmetrical 
rolling on the strip shape and profile. This is attributed to the fact that different speeds will 
only impact on the microstructure and the mechanical properties of the strip and will not 
contribute to the final shape or profile of the rolled material. Furthermore, there is lack of 
research available on the effect of speed ratios on cold rolling of materials other than IF 
steel and aluminium. There are also fixed speed ratios that previous studies have used. A 
gap in the body of knowledge has been identified through the above literature review in 
terms of speed ratio and materials. After careful analysis of the literature review performed 
in this section, it is reasonable to propose the following scope for the current study. 
 
The current thesis will aim at studying the effect of two speed ratios: 1.1 and 1.3, and target 
two different materials: aluminium and low carbon steel. This approach will allow 
investigation of the effect of speed ratio on rolling of materials with different properties 
which can be used to ascertain whether the strip shape and profile is a function of only the 
speed ratio or material properties or a combination of both. 
1.4 Aim of the research 
The aim of this thesis is to investigate the effects of the cold rolling parameters and speed 
ratios (1.1 and 1.3) on strip profile and flatness, microstructure and hardness of thin strip. 
The thesis will also attempt to explore/identify the optimum set of rolling parameters 
including speed ratios to enhance the technology and produce high quality thin strip in 
metal manufacturing. The flow chart of the research schedule is shown in Fig. 1.3 
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1.5 Objectives of the research 
The main objective of this thesis is to study the effects of speed ratio and rolling parameters 
on the exit strip shape and profile. The specific objectives of the thesis are: 
 To study the effects of speed ratios 1.1 and 1.3 on exit strip shape and profile of 
cold rolled aluminum and low carbon steel under dry and lubricated conditions. 
 To study the effects of work roll cross angle and work roll shifting on the exit strip 
shape and profile of cold rolled aluminum and low carbon steel under dry and 
lubrication conditions. 
 To investigate the effects of speed ratio and rolling parameters on the required 
rolling force. 
 To investigate the effects of speed ratio and rolling parameters on microstructure 
and hardness of the exit strip. 
 To investigate the effects of multiple passes on the exit strip shape and profile.  
 To understand the mechanics of the newly developed rolling technology on strip 
shape and profile. 
 To develop a computational model for calculating the rolling force of asymmetrical 
rolling.  
1.6 Research methodology 
To achieve the objectives and aims of this thesis, an extensive experimentation and 
investigation into the manufacturing process will be conducted by analysing the influences 
of cold rolling processing parameters. To determine the most efficient and productive 
processes for industry, experimental data will be quantitatively analysed by identifying the 
optimal process parameters. The data collection process and the assessment of the effect of 
rolling force on several rolling parameters using a computational model will also be 
analysed, as shown in Fig. 1.3. 
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Figure 1.3 The flow chart of the research schedule 
1.7 Outlines of the thesis 
Below is a list of the seven chapters that this thesis consists of:   
Chapter one represents the proposed thesis topic and justifies the research conducted. This 
thesis will study the relationship between rolling process parameters and thin strip shape 
and profile. Thin strip rolling is further developed through this research which is carried out 
at the University of Wollongong Manufacturing Laboratory to support industry production.  
Chapter two introduces a critical literature review and relative advancements in the field 
of existing thin strip rolling knowledge. To support the research into similar rolling 
processes, a review of basic rolling theory will be analysed. 
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Chapter three explains in detail the experimental and theoretical methods employed with 
relation to the equipment used and data provided. It covers the cold rolling experimental 
procedures including the facilities used in the experiment, sample preparation method and 
number of samples used for strip profile, microstructure and hardness measurements, 
rolling parameters analysis, and cold rolling schedule, computational procedures to 
calculate the rolling force for work roll cross angle and work roll shifting methods and 
overall summary of the chapter. 
Chapter four shows the effects of rolling parameters on low carbon steel strip profile, 
microstructure and hardness at 1.1 speed ratio for the 1st, 2nd and 3rd passes. It includes 
the introduction to the chapter, the effects of different rolling parameters on strip shape and 
profile and resulting microstructure and hardness effects including the effects of the work 
roll cross angle and work roll shifting value, rolling speed, rolling reduction, strip width, 
rolling lubrication and a summary of the chapter.  
Chapter five shows the effect of rolling parameters on low carbon steel strip profile, 
microstructure and hardness at 1.3 speed ratio for the 1st, 2nd and 3rd passes. It includes 
the introduction of the chapter, the effect of different rolling parameters on strip shape and 
profile and resulting microstructure and hardness effects, including the effects of the work 
roll cross angle and work roll shifting value, rolling speed, rolling reduction, strip width, 
rolling lubrication and a summary of the chapter. A speed ratio of 1.3 requires study 
because, as the speed ratio increases from 1.1 (as in chapter 4) to 1.3, the shear region will 
increase, which results in reducing the rolling force and hence the improvement of strip 
profile. 
Chapter six shows the effect of rolling parameters on aluminium strip profile at 1.1 and 1.3 
speed ratios for the 1st, 2nd and 3rd passes. It includes an introduction, the effect of 
different rolling parameters on strip shape control, the effects of rolling parameters on the 
strip shape and profile and resulting microstructure and hardness effects, including the 
effects of the work roll cross angle and work roll shifting value, rolling speed, rolling 
reduction, strip width, rolling lubrication and a summary of the chapter. 
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Chapter seven provides an analysis of theoretical rolling force during the specific cold 
strip rolling, including the steps for calculating the rolling force based on Karman and 
Hertz contact theory, work roll crossing and work roll shifting method analysis, calculating 
the contact length between the work roll and the strip, assumptions of the coefficient of 
friction for different speed ratios and iteration methods to calculate the theoretical rolling 
force. It also, includes the verification of the convergence of the computational calculation. 
The comparison of theoretical and measured results and a summary of the chapter are also 
given.  
Chapter eight concludes the research work with respect to the results and discusses 
recommendations for further developments, and research on the thin strip shape and profile 
during cold rolling process. 
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Chapter 2 
 
LITERATURE REVIEW 
 
2.1. General background 
Wagoner & Chenot stated that “the rolling process can be defined as a continuous process 
of plastic deformation for long parts of constant cross section, in which a reduction of the 
cross sectional area is achieved by compression between two rotating rolls (or more)” [6]. 
The process of rolling a material below its recrystallisation temperature is termed “cold 
rolling” and if the process takes place above the recrystallisation temperature, then it is 
termed “hot rolling”. 
  
The geometry of the specimen to be rolled is taken into consideration to choose the 
appropriate type of rolling. If the thickness is very small (of the order of millimetres or 
less), sheet rolling or strip rolling is used. If the work-piece is cylindrical, flat rolling is 
used. If the slab thickness is of the order of 0.1 m, slab rolling is used. More complex work-
pieces can be rolled using shape rolling. A variety of work-pieces can be rolled using shape 
rolling. Round cross sectioned work-pieces, oval, various beams, railway tracks etc. can be 
rolled using shape rolling by considering the appropriate roll geometries. The general 
principles for flat rolling are illustrated in Fig. 2.1. Two examples have also been shown in 
Fig. 2.1. These are the geometries in a vertical cross section, viewing in a plane parallel to 
the rolling direction. 
 
Figure 2.1 Flat rolling: a) general, b) cross section for slab rolling, and c) cross section for sheet 
rolling 
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It is not feasible to obtain the desired reduction in one pass in either hot or cold rolling for 
any geometry. The cross sectional area is too large to allow such a reduction. Several pairs 
of cylindrical rollers placed in series in several stands successively deform the work-piece 
whereby the final deformation is progressively attained. The manner in which this 
deformation is progressively achieved is illustrated in Fig. 2.2. This leads to the occurrence 
of forces between the two successive stands. These interacting forces induce tension (in 
plane loads). This tensile force induced either in the direction of rolling or in the opposite 
direction. The roll separating force and the width of the deforming region are limited due to 
the small diameters. To prevent excessive bending of the work rolls, the large diameter 
backup rolls are used as shown in Fig. 2.2 [6]. 
 
Figure 2.2 Schematic of a five-stand rolling mill 
The summary of the main rolling process is shown in Fig. 2.3. An ingot is traditionally the 
initial material for rolling. 
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Figure 2.3 Manufacturing process for hot/cold rolled coils of strips 
 
The flat rolling process is illustrated in the schematic in Fig. 2.4a. The initial thickness of 
the strip ho enters the roll gap. This thickness reduces to 
fh
 by a pair of rotating rolls. An 
electric motor connected to each roll, by means of a shaft powers each roll. 
rV  is the surface 
speed of the roll. The initial velocity of the strip is 
0V . The velocity of the strip increases as 
it passes through the roll gap. When the strip exits the roll gap, the velocity reaches the 
maximum value. This velocity is denoted by 
fV . 
Figure 2.4 (a) Schematic illustration of the flat-rolling process, (b) friction forces acting on strip 
surfaces, (c) various speeds along area of contact, and (d) roll forces acting on the rolls 
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As shown in Fig. 2.4b, the arc of contact in the roll gap between the roll and the strip is 
denoted by ld. It is observed that relative sliding is present between the strip and the roll 
along the arc of contact. This is due to the constant surface speed of the roll. There exists a 
neutral point or a no slip point on the arc of contact. At the no slip point the velocity of both 
the strip and the roll are the same. The velocities of the strip and the roll vary in front and 
after the no slip point. The roll moves faster than the strip before this point (to the left of the 
no slip point). The strip moves faster than the roll after the no slip point (to the right of the 
no slip point) as shown in Fig. 2.4c. Fig. 2.4d shows the frictional forces F that act on the 
strip. These frictional forces oppose the motion of the strip and cause deformation [21].  
2.2. Manufacture of strips and plates 
Strips and plates are manufactured by rolling process in which the final thickness or cross 
section of a long work-piece is achieved by compressive forces applied through a set of 
rolls [9]. It was first developed in the late 1500s. 
 
A typical rolling process is depicted in Fig. 2.3. Hot rolling is performed to break down 
ingots into blooms and billets which are known as semi-finished products. This is followed 
by further hot rolling into plate, sheet, rod, bar, pipe, rails, or structural shapes. Cold rolling 
is then performed to produce sheet, strip, and foil with high surface finish and mechanical 
strength, as well as close control over the final dimensions of the product [7, 8]. 
2.3. Deformation in rolling 
2.3.1 Deflection and flattening of rolling mill: 
During rolling, all components of the rolling mill undergo elastic deformation due to rolling 
force. In fact, the largest share of vertical deformation of the rolling mill is the deformation 
of rolls, up to 60-70% [7, 17]. 
 
A schematic of the type of deformation the rolls of a 4-high rolling mill are subjected to is 
shown in Fig. 2.5. The types of deformation are [7]: 
 Flattening of work rolls (due to contact with backup rolls and material) 
 Flattening of backup rolls (due to contact with rolls) 
 Deflection of work rolls 
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 Deflection of backup rolls 
Flattening increases the roll’s radius, consequently giving an increased contact area for the 
same reduction in strip thickness, resulting in an increase in roll force F [6, 9]. Due to roll 
flattening, the arc of contact increases for the same draft when compared with a rigid roll. 
Furthermore, the planes of entry and exit also shift outwards from the centre-line. 
Hitchcock determined the roll contact length of the flattened roll by assuming the pressure 
distribution along the arc of contact to be elliptical, as follows:  
0 2L x x             (2-1) 
where 
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where 
Er = modulus of elasticity for roll material, vr = Poisson’s ratio for roll material.  
The radius of the flattened roll is determined as follows: 
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where, P = roll separating force, w = width of rolled strip. 
 
The mill modulus is defined as the ratio of the rolling force to the amount of vertical 
deformation of the whole rolling mill. Mill moduli typically vary from 500-1,000 ton/mm 
for plate rolling mills to 400-600 ton/mm for cold rolling mills. It increases with increase in 
the diameter of the back-up rolls. 
 
A mill deformation of the order of 1mm occurs when a force of the order of 1000 tons is 
generated. Thickness accuracy cannot be achieved if this mill deformation, although very 
small, is not considered. There is a lower limit of thickness below which the mill cannot 
reach because of the finite value of the mill modulus [7].  
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Figure 2.5 Elastic deformation of rolls in 4-high rolling mill 
2.3.2 Material deformation (Dimensional quality requirements for rolled metal 
strip) 
Calculations of the rolling force derived from deformation theory require corrections to 
include flattening deformation [7]. Deformation can be treated as a two-dimensional 
problem in thickness and length directions because reduction in thickness results in an 
increase in length with little increase in the width [8], except at the edges of the strip [7]. 
Therefore, a plane-strain model can be used to perform the mathematical analysis of 
rolling. In sheet and strip rolling, the later spread is of little importance, however, it 
produces surface defects during rolling of bars and other shapes, depending on the 
condition of the rolls, the flow properties and required reduction. The later spread can vary 
from 0.25 to 0.4 times the reduction in contact length [8]. 
 
Rolling usually produces a relatively uniform deformation compared to other metal 
working processes. However, it has been shown that the surface layers are not only 
compressed but also sheared as illustrated in Fig. 2.6 [8]. 
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Figure 2.6 Distortion of square-grid network by rolling 
The outside fibres of the sheet undergo the greatest shear strain when rolled in only one 
direction. However, if the direction of rolling is reversed during multiple passes, the shear 
stress occurs at the centre of thickness. Investigations of the internal strain using 
radiography of embedded lead grids have shown interior deformation can be reliably 
obtained from surface measurements [8]. 
 
The sheet shape suffers the problem of non-uniform thickness over the width and/or length 
and flatness. Modern automatic gauge control systems have been able to accurately 
measure the thickness variation across width and length. However, it is difficult to measure 
flatness accurately, as the sheet moves through a continuous mill at high speed. It is very 
important to control flatness during rolling as it can give a rise to waviness in a thin-gauge 
sheet [8]. 
2.3.2.1 Strip profile 
As discussed in Section 2.3.1, elastic deflection of the mill components occurs 
simultaneously with the elastic–plastic deformation of the rolled strip. This leads to anon-
uniform thickness profile of the strip as shown in Fig. 2.7 [22, 23]. 
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Figure 2.7 Strip profile (a) parabolic form of naturally occurring strip thickness profile, and (b) 
thickness parameters used to determine strip crown 
Depending on the mill parameters and profile control mechanisms, the strip profile can take 
any shape; however, it often tends to have a convex parabolic form as shown in Fig. 2.7a, 
largely because the rolling force is great near the strip edges than that at the centre [24]. 
The term “strip crown” is used to quantify the strip profile. It is denoted by  C x  as 
follows [25]:  
     0C x H H x          (2-5) 
where H(0) is the thickness at the strip centre and H(x) is the thickness at an arbitrary 
location. Strip crown can also be expressed in terms of thickness at the centre by crown 
ratio as: 
       0 / 0CR x H x H           (2-6) 
where (𝑥) is denoted the strip crown, (0) is the centre thickness, (𝑥) is an arbitrary location 
𝑥 along the strip width [24]. 
 
The average strip crown is often defined at about 25-30 mm from the strip edges. For 
example, the reference distance ‘a’ in Fig. 2.7b is 25 mm, so the crown strip is defined as 
𝐶25. Positive crown indicates convexity, whereas, negative crown values indicate concavity 
in thickness profile. A sharp decrease in thickness at the edges is referred to as edge drop. 
An excessive strip crown may cross the tolerance limit of thickness and result in discarded 
product.  
2.3.2.2 Strip flatness 
Strip flatness is the variation in length across the width of the rolled strip. This is 
schematically shown in Fig. 2.8 [26]. If a strip is divided into fibres and longitudinal 
sections, all fibres have the same length for an absolutely flat strip (Fig. 2.9). The difference 
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between the length of the longest and shortest fibres can be used to measure flatness 
(Equation 2-7) [26]. 
 
Figure 2.8 Definition of strip flatness 
 
 
Figure 2.9 Strip divided into fibres where the outer fibres are longer, long edge strip 
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       (2-7) 
where 
bL = Current fibres length (when long edge strip, the edge fibres). 
H = Shortest fibres length (when long edge strip, the centre fibres). 
A multiplication factor of 10
5
 is used to determine flatness as the differences between 
lengths is very small. 
2.3.2.3 Effect of Strip Crown on Strip Flatness 
The differential elongation of the strip across its width results in buckles or waves. This 
elongation is a function of strip crown change during the pass reduction as follows:  
1 2
1 2
c
c c
h h
             (2-8) 
where 
c  = per-unit strip crown change, 1 2,c c  = entry and exit strip crowns respectively, 1 2,h h  = 
entry and exit strip thicknesses respectively. Edge waves develop when 0  , and buckling 
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happens at the centre when 0  . If the change in relative strip crown is within a range 
known as the flatness dead band [25, 27], no deterioration in strip flatness occurs.  
 
The flatness dead band in hot rolling is shown in Fig. 2.10and determined as follows: 
2 280 40
a b
h h
w w
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   
     
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        (2-9)  
For low carbon steel a = b = 2, according to Ginzburg and Ballas, whereas, a = b = 1.86 
according to Somers, et al [27]. 
 
Figure 2.10 Strip flatness dead-band 
The strip flatness parameters and the per-unit strip crown change δ are related as follows:  
1 2
1 2w
c cL
L h h


             (2-10) 
where 
 
wL = strip wavelength  
 L = difference between strip wavelength at middle and edge of strip.  
Therefore, the strip flatness can be expressed in terms of Unit (I) and Percent Steepness (S) 
as follows:  
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With an increase in the ratio of strip width to thickness, the flatness dead-band decreases, 
indicating the flatness sensitivity in strip profile of thin materials. In cold rolling of thin 
material, it becomes difficult to control the strip flatness due to no change in strip width 
with changes in crown ratio [28]. 
2.3.2.4 Measurement of strip profile 
Strip profile has been successfully measured using strip profile gauges which essentially 
use radiation to scan the profile. Fig. 2.11 shows the profile meter developed by Kawasaki 
Steel, Japan. It consists of a stationary thickness gauge, a scanning gauge and aprofile 
calculator [27]. The scanning rate can be increased addition of secondary scanning gauges 
moving in the opposite direction. 
 
Figure 2.11 The layout of the Kawasaki Steel profile meter 
 
Another way of increasing the scanning rate developed by Nippon Steel, Japan [27], utilises 
two gauges in addition to the stationary gauges at necessary distances from each edge of the 
strip (Fig. 2.12). The method of measuring the strip profile is through Isotope Measuring 
Systems which uses two Cesium 137 radioactive sources mounted in the top yoke of a C-
frame (Fig. 2.13). A total of 54 chambers mounted on parallel rows across the strip width 
are irradiated by these Cesium sources. This ensures an accurate profile measurement 
regardless of the strip shape or orientation. 
45 
 
 
Figure 2.12 Profile measuring method with three X-ray gauges 
 
Figure 2.13 Profile thickness gauge from Isotope Measuring Systems 
 
Additionally, the “control performance monitoring” technology (CPM) device was 
developed to monitor rolling mill performance parameters  including control of the strip 
flatness [29]. Such technology is under development for determining the system 
requirements and rolling parameter values needed to perform the required rolling steps 
[30]. This technology is aimed at predicting the outcome for the shape and profile and what 
assembly steps are required for achieving the predictions [29-31]. This technology relies on 
the rolling parameters in mathematical models to establish the rolling program and perform 
the needed mechanical steps [29, 32]. 
 
2.3.2.5 Common problems and defects in rolled product 
Defects are inherent to rolled metal products and usually introduced during the ingot stage 
of production or during rolling [8]. The interaction of the plastically deforming work-piece 
with the elastically deforming rolls and rolling mill leads to specific defects. Due to high 
rolling forces, the rolls flatten and bend and the entire mill is elastically distorted. The 
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thickness of the sheet exiting from the rolling mill is greater than the roll gap set due to mill 
spring even under no-load conditions. The elastic constant of the mill is required to roll to 
precise thickness, often described by the calibration curve (Fig. 2.14). The elastic constant 
can vary from 1 to 3 GNm
-1
 for screw-loaded rolling mills and 4 GN m
-1
 for hydraulically 
loaded mills [8]. 
 
Figure 2.14 Typical calibration curve for the elastic constant of a rolling mill 
With increasing roll pressure, there is an increase in elastic flattening of the rolls and 
eventually the rolls deform more easily than the work-piece. In this situation, there will be a 
minimum thickness below which the strip can no longer be reduced. The limiting thickness 
is a function of coefficient of friction, the roll radius, the flow stress of the work-piece and 
the elastic modulus of the rolls. For steel rolls this is given by: 
min
0
12.8
R
h
 
            (2-13) 
Problems with limiting gauge can be expected when the sheet thickness is below 1/4000 to 
1/6000 of the roll diameter [8]. 
 
Process variables, material properties and lubrication are necessary to maintain a successful 
rolling outcome. However, the rolled plates may have defects on the surface or in the bulk. 
Inclusions and impurities in the material are responsible for surface defects in addition to 
scaling, rust, dirt and roll marks which might occur during the rolling operation.Flatness 
defects are usually caused by rolling or coiling. The coiling related defects are called coil-
set and cross bow (Fig. 2.15) [33]. These errors occur due to difference of length between 
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the inner and outer surface. When the strip is coiled, the outer surface becomes slightly 
longer resulting in Coil-set. When the curvature is tighter and/or if the inner diameter is 
small, coil-set becomes more evident. Cross bowing occurs when the strip has a crown. The 
thickness variation contributes to crossbow due to more material collected at the location of 
maximum thickness, resulting in a curvature across the strip. With each revolution during 
collection, cross bowing becomes more evident [33]. 
 
Figure 2.15 Cross-Bow and Coil Set 
 
The different cases of rolling induced flatness errors depend on the stress state in the 
strip.Fig.2.16shows a schematic of typical defects as a result of waviness. If the rolls deflect 
as show in Fig. 2.16a, the sheet edges elongate less at the centre than that in the 
longitudinal direction. Fig. 2.16b shows a situation where edges are free to move relative to 
the centre. However, since the sheet is a continuous body, the strains readjust to maintain 
continuity. Therefore, the edges are compressed and the central portion is stretched in the 
rolling direction as shown in Fig. 2.16c [8, 25, 34-37]. 
 
Figure 2.16 Schematic illustration of some defects in flat rolling: (b) long edge and short in centre, 
(c) centre stretched in tension and edges are compressed, (d) wavy edges, (e) zipper cracks at edge 
of strip, and (f) alligatoring 
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Bending of rolls results in wavy edges resulting in thinner edges (Fig. 2.16d). This results in 
buckling because the edges are restrained from expanding by the bulk material and only 
elongate more at the centre. Low material ductility and barrelling of edges result in cracks 
or short “zipper breaks” (Fig. 2.16e). Inherent defects in the original cast ingot or 
inhomogeneous deformation during rolling result in alligatoringas shown in Fig. 2.16f [9]. 
 
Other forms of inhomogeneous deformation also lead to cracking. During rolling, elements 
across the width experience some tendency to expand laterally which is opposed by the 
transverse friction forces. Elements in the central region spread less than the outer elements 
due to the friction hill. The sheet develops a slight rounding at its ends because the decrease 
in thickness at the centre of the sheet is compensated by an increase in length increase, 
while part of it at the edges goes into lateral spread (Fig. 2.17a). Under severe conditions 
the strain distribution shown in Fig. 2.18a, it can result in a centre split of the sheet Fig. 
2.17b [8]. 
 
Figure 2.17 Defects resulting from lateral spread 
 
In order to produce a sheet thicker at the centre than that at the edges, the rolls are crowned 
so that the working surfaces are parallel when the rolls deflect under load (Fig. 2.18). It is 
important that the rolls are only operated under the conditions for which they were 
designed, to avoid these defects [8, 26]. Rolling mills are equipped with hydraulic jacks to 
allow elastic distortion of the rolls to correct the deflection under rolling conditions.  
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Figure 2.18 (a) Bending of straight cylindrical rolls (exaggerated) because of the roll force, and (b) 
bending of rolls, ground with crown or camber, that produce a sheet of uniform thickness during 
rolling 
 
2.3.3. Summary 
All components of the rolling mill undergo elastic deformation due to rolling forces 
resulting in flattening and/or deflection of backup and work rolls. The diameter of backup 
rolls affects the mill modulus. During rolling, the surface layers are not only compressed 
but also sheared. Investigations of the internal strain show that the surface measurements 
are reliable indicators of the interior deformation. The elastic deflection of the mill 
components occurs simultaneously with the elastic–plastic deformation of the rolled strip 
leading to non-uniform thickness profile of the strip in a convex parabolic form. The strip 
profile is quantified by “strip crown”. Positive crown indicates convexity, whereas, 
negative crown values indicate concavity in thickness profile. Strip flatness which is the 
variation in length across the width of the rolled strip is affected considerably by the ratio 
of strip width to thickness. In cold rolling of thin strip material, it becomes difficult to 
control the strip flatness due to no change in strip width with changes in crown ratio. Strip 
profile has been successfully measured using strip profile gauges which essentially use 
radiation to scan the profile. Interaction of the plastically deforming work-piece with the 
elastically deforming rolls and rolling mill leads to specific defects. Inclusions and 
impurities in the material are responsible for surface defects in addition to scaling, rust, dirt 
and roll marks which might occur during the rolling operation.  
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Using multiple passes on a single pass mill, front and back tensions can be created and 
therefore, strip profile can be controlled. Furthermore, by maintaining a differential speed 
of the rolls, the strip shape and profile and microstructure can be improved and surface and 
internal defects can be overcome to produce strip with superior mechanical properties. 
2.4. Key variables in rolling 
The efficiency of the rolling process can be significantly improved by controlling the 
rolling process variables. Although the rolling process is affected by a number of variables, 
the most common variables that control the rolling process are [8]: 
1. Roll diameter. 2. Material resistance. 3. Friction between metal and rolls. 4. 
Presence of front and back tension  
2.4.1 Roll Radius 
Under constant conditions of reduction and friction, the rolling load can be increased by 
increasing the radius of the rolls. For a given reduction in sheet thickness, this leads to 
increase in the contact area of the rolls. This contact area is directly proportional of √Ras 
per Equation (2-14) [8]. 
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where: 
pL  is the area of contact between the roll and metal, 0h  is the initial thickness, 0v  is the initial 
velocity, 
fh  is the final thickness, fv  is the final velocity, and R is the roll radius. It should be 
noted that the rolling load increases with roll radius at a rate > √R  due to increased 
frictional forces acting over the larger area of contact [8]. 
2.4.2 Material resistance 
In rolling process, the sheet thickness is usually small compared to the contact area of the 
rolls. As the required sheet thickness reduction increases, there is an associated increase in 
the required rolling load, until a point where the deformation resistance of the sheet is 
greater than the applied roll pressure and no further reduction in thickness is possible. 
When this occurs, the rolls in contact with the sheet are elastically deformed and it is easier 
for the rolls to deform than for the sheet to deform plastically. By reducing the radius of the 
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rolls, both the rolling load as well as the length of the area of contact be reduced 
successfully. In order to produce a greater reduction before the roll flatting occurs, small 
radius rolls supported by backup rolls (to impart stiffness against deflection) can be used 
[8]. Sheet rolling can be modelled as a plane-strain process; therefore, the constrained flow 
stress for rolling is the value obtained in tension or compression multiplied by a factor. The 
plane-strain low stress can also be obtained directly from the plane compression test. It 
should be noted that the flow stress in cold rolling does not depend much on the strain rate 
or roll speed. However, in hot rolling changes in the strain rate can produce significant 
changes in the flow stress of the metal [8]. 
 
The increase in the required rolling load also depends on the type of material that is being 
rolled. If the sheet rolling process is modelled as a plane-strain process, material properties 
such as ultimate tensile strength also need to be considered. In case of materials with high 
ductility and comparatively low ultimate tensile strength such as aluminium and its alloys, 
the deformation resistance is not expected to be as high as in case of steels which have high 
ultimate tensile strength. 
2.4.3 Friction 
Friction is defined as the resisting force tangential to the interface between two bodies 
when, under the action of an external force, one body moves or tends to move relative to 
the surface of the other. Friction in metal working usually involves identification of friction 
and/or lubrication and the level of shear stress acting on the workpiece [9, 38, 39]. 
 
Since the frictional force is the result of interaction between contacting bodies at their 
interface, the nature of friction cannot be understood without understanding the nature of 
the interface. The coefficient of frictionµ is expressed as: 
μ =  
F
Pn
=  
τi
pn
           (2-15) 
where F = force required to move the body, Pn = normal force, i = shear strength of the 
interface, pn = normal pressure. 
The condition for sliding friction is: 
τi =  μ. pn < ks          (2-16) 
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where ks is the shear yield strength of the interface. When I reaches the value of ks, it will 
take less energy for the material to shear inside the body of the workpiece. In rolling 
process, the metal workpiece and the rolls are in relative motion under a normal load and 
therefore, friction between them is of great importance. When two clean and dry metal 
surfaces contact each other such as in rolling process, the static load at the contact 
(interface) is supported by the contacting asperities [9] as shown in Fig. 2.19. 
 
Figure 2.19 (a) Schematic illustration of the interface of two contacting surfaces, showing the real 
areas of contact, and (b) sketch illustrating the proportion of the apparent area to the real area of 
contact. The ration of the areas can be as high as four to five 
 
The normal stress at the interface will be elastic if the area of contact is very large and the 
loads are low. However, with increasing load, the stresses increase and eventually, the 
interface under goes plastic deformation with a subsequent increase in asperities contact 
area as well as formation of new interfaces [9, 40-42]. 
 
Although, the frictional force helps pull the metal into the rolls, it also affects the roll 
pressure in terms of magnitude and distribution [8, 10]. The metal speeds up through the 
rolls due to plastic deformation in the rolling direction. Therefore, the speed of metal is 
slower than the rolls on the entry side and faster on the exit side. The coefficient of friction 
in cold rolling typically range between 0.02 and 0.3 depending on the materials involved 
and the lubricants used [9]. If the friction is very low (obtained with lubrication and 
polished rolls) it is difficult to feed the metal into the rolls. On the other hand, high friction 
produces greater lateral spread and edge cracking. 
2.4.3.1 Lubrication 
The pressure required to reduce the thickness of the strip is of the order of yield strength of 
strip material. At such a high pressure, the asperities from the surface of the strip get 
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sheared off and stick to the surface of the roll, resulting in poor surface finish. So, to avoid 
the direct contact of strip and roll, formation of a thick film of lubricant has been suggested 
[43, 44] in the roll bite. For a complete analysis of the process, the lubricated zone is 
divided into three zones namely the inlet zone, work zone and exit zone as shown in Fig. 
2.20 [43]. 
 
Figure 2.20 Zone classification at rolling interface 
 
Development of film thickness in the contact zone that sustains the pressure of the work 
zone is totally guided by the film formation in the inlet zone. Therefore, the importance of 
the inlet zone encourages the presentation of a rigorous analysis of the inlet zone and it is 
also proposed to analyse the contact area of the exit zone. Many investigators [45, 46] have 
suggested that a thick film of lubricant reduces the frictional torque by preventing asperity 
to asperity contact but it results in poor surface finish of the rolled product. Moreover, a 
larger lubricant film thickness increases the slip between the roll and the strip, which leads 
again to a poor finish of the product. In order to generate adequate friction in the roll bite 
and to improve the surface finish, a thin lubricant film thickness is required. However there 
are many parameters like contact geometry, temperature, pressure and lubricant properties 
which guides the film thickness but many researchers have suggested simply restricting 
supply of the lubricant for the best outcome. 
 
At the inlet edge, reducing the lubricant film thickness causes shifting of the pressure peak 
in proximity to the inlet edge of work zone. This phenomenon occurs explicitly due to 
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starvation of lubricant in the inlet zone. Other parameters such as the contact geometry, 
temperature, pressure and lubricant properties also determine the film thickness. 
 
For an isothermal analysis of the inlet zone, the Reynolds equation is solved numerically, 
considering the piezo-viscous lubricant. The Barus model of viscosity is considered to 
calculate viscosity of the lubricant. Wide variation of temperature along and across the film 
is investigated therefore the usual isoviscous Reynolds equation is not suitable for realistic 
analyses of the complete zone. Even a generalised Reynolds equation cannot be employed 
in the present analysis. Instead, the Reynolds equation is coupled with the energy equation 
and solved numerically for estimating pressure and temperature in the complete zone. 
Taking a conservative approach, it was determined to perform an adiabatic analysis by 
dropping the conduction term from the energy equation and solving numerically. This will 
give the variation of temperature along the film. The Lobatto quadrature methodology is 
proposed to calculate temperature across the film. This methodology was developed by 
Elrod and Brewe [44] and used for investigation of bearing performance. Lubricant 
properties are taken as constant and uniform except for the temperature- and pressure-
dependant viscosity. In particular, the viscosity variation with temperature and pressure are 
taken through the Roelands model and Barus model. The flow is assumed to be laminar and 
fluid to be Newtonian. It was demonstrated by Singh [47] that the inlet film thickness 
increases with the speed of the roll, if isothermal condition is imposed, but at higher speed 
the heating due to shearing between the fluid layer increases which reduces the viscosity of 
the lubricant and results in an increase in the inlet lubricant viscosity. 
2.4.3.2 Impact of friction on strip profile and flatness 
As pointed out in Section 2.3, the applied forces required to achieve strip thickness 
reductions, cause elastic deflection of the mill housing and roll deformation, consisting of 
both roll deflection and flattening. Other considerations arise simultaneously with the 
elastic-plastic deformation of the rolled strip. As a result of these rolling component 
deflections, two dimensional quality measures of the rolled strip occur: 
 Thickness profile 
 Flatness 
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These dimensional quality standards are strongly associated with, and a consequence of, the 
deflection profile of the contact interface between the work rolls and the strip along the 
strip width. This deflection profile normally varies due to the geometry of the mill, rolls, 
and the strip. Without corrective measures, the non-uniform natural deflection at the roll-
strip interface leads to a variable strip thickness reduction. Therefore, a strip with an 
initially rectangular thickness profile will usually have a non-rectangular thickness profile 
after rolling. 
 
The most important feature for deformation to occur in the rolling process is friction [48]. 
The strip friction parameter is very crucial and can have a major influence on the product 
quality [48]. All rolling parameters, for example, rolling speed, reduction, rolling forces, 
pressure distribution, work roll diameter and shape and profile, are all dependent on the 
coefficient of friction [38, 49-51]. Models have been developed, for analysing the strip 
shape and profile in relation to coefficients of friction and lubrication [48]. The coefficient 
of friction was usually assumed to be constant over the entire contact area, but in practice 
models have shown this is not the case [49, 50]. 
 
In recent years, the key input boundary condition in finite element simulation of the rolling 
process is the friction model. However, up to now, no satisfactory model has been proposed 
for the finite element analysis of rolling process, and no perfect results have been obtained 
in the process of seeking friction rules using test methods [52]. There are several reasons, 
but the complexity of contact interface friction and the restriction of experimental access 
are the most important aspects. Hence, it is of great importance in theory and in practice to 
research the contact friction in the rolling process to understand the effect of friction on 
critical rolling outputs such as strip profile and flatness.   
 
Experimental models [48] have shown that, with increased forward slip and decreased 
backward slip, the quality of the strip shape and profile improves. This experimental model 
is useful for increased strip deformation along the rolling direction [49, 50]. To achieve 
high quality strip shape and flatness control, models to accurately represent the change in 
friction experienced by the strip need to be determined [50]. The friction variation along the 
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rolling contact interface of a ‘sensor roll’ embedded with sensors was measured on an 
experimental rolling mill [53]. The measured results show that the coefficient of friction is 
not constant along the contact length. Experiments were also carried out to study the 
surface roughness of the strip. It was found that the roll and strip surface roughness can be 
transferred to each other along the rolling direction. Only slight change of roughness in the 
transverse direction was observed. 
 
The friction conditions between the strip and work roll were investigated by Pawelski and it 
was observed that strip flatness is strongly influenced by the friction conditions which are 
usually never homogeneous [51]. 
 
A study of the effect of friction on the thin sheet (tinplate) case demonstrated that friction is 
an essential parameter for flatness. The study concluded that the expected optimal flatness 
was judged only by the homogeneity of the stress profile and needs further experiments to 
refine the criteria [54]. From the above studies, it is clear that, although a number of finite 
element models exist to improve the quality of strip, these models are still ineffective 
however to predict the exact effect of friction on strip profile and flatness for a set of 
process parameters. There have been some modest research effort to develop experimental 
models; however, there is still a requirement for further experimental investigations to 
understand the impact of friction. 
2.4.4 Front and back tension 
Most strip-rolling operations are performed with the aid of front and back tension. Front 
and back tensions are effective in reducing roll pressure and inhibit the tendency toward 
waviness in the emerging strip. For unit width of strip, if the front and back forces are 
divided by their corresponding thicknesses, the front and back stresses can be easily 
calculated[9]. When the front and back tensions are divided by the flow stress of the 
material, the relative front and back tensions are determined. Since the flow stress of the 
material in plane strain is 2/√3 times larger than the flow stress of a tensile bar in uniaxial 
tension, it is convenient to treat the front and back relative tensions as a single sum. Both 
front and back tensions can vary separately from zero to a maximum equal to the flow 
stress of the material.  
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The bulk of the power for rolling is supplied by the rolls through friction, and the power 
associated with front or back tension is incidental. However, the front and back tensions do 
play an important role during hydrodynamic lubrication. When the strip is “floating” 
between the rolls on a lubricant film, the strip velocity becomes very sensitive to small 
changes in rolling conditions, and thus an unstable process results. The front and back 
tensions may be utilised to stabilise the rolling velocity. 
 
The rolling load can be significantly reduced by providing front and back tensions. This is 
evident from the maximum shear stress law which supposedly governs the deformation 
resistance [8]. When a tensile stress is applied to a strip, the yield stress normal to the strip 
surface decreases, and thus the roll pressure decreases [9]. Back tension is more effective in 
reducing the rolling load than the front tension [8]. The rolling load when tension is applied
tP  can be calculated from Equation (2-17): 
0
1
b f s
t f
P P
  
  
           (2-17)
 
where 
P is the rolling load for same reduction but without front or back tension, 
b  is the back 
tension, 
f  is the front tension, 0  is the mean value of plane-strain yield stress, α is the 
angle of contact and 
s is the no-slip angle. Front tension is controlled by the torque on the 
coiler (delivery reel) and back tension is controlled by a braking system in the un-coiler 
(payoff reel) [9]. Addition of both front and back tensions reduces the area under the roll 
pressure distribution curve as shown in Fig. 2.21 [8].  
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Figure 2.21 Pressure distribution as a function of front and back tension in rolling. Note the shifting 
of the neutral point and the reduction in the area under the curves (hence reduction in roll force) as 
tensions increase 
2.4.5. Summary  
The efficiency of the rolling process can be significantly improved by controlling the 
rolling process variables such as the roll diameter, material resistance, friction between 
metal and rolls and presence of front and back tensions. Increase in roll radius leads to 
increase in rolling load. The increase in the required rolling load also depends on the type 
of material that is being rolled. Friction affects the roll pressure in terms of magnitude and 
distribution. Low friction provides difficulty to feed the metal into the rolls, whereas, high 
friction produces greater lateral spread and edge cracking. The frictional torque can be 
reduced by at hick film of lubrication which prevents asperity to asperity contact but also 
results in poor surface finish of rolled product. The strip friction parameter is very crucial 
and can have a major influence on the product quality. Friction is the key input boundary 
condition in finite element simulation of the rolling process. A number of finite element 
models exist to improve the quality of strip; however, these models are still ineffective to 
predict the exact effect of friction on strip profile and flatness for a set of process 
parameters. Front and back tensions can significantly reduce the rolling load. Addition of 
both front and back tensions reduces the area under the roll pressure distribution. Back 
tension is more effective in reducing the rolling load than that of the front tension.  
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2.5. High-precision shape and crown control technology for hot/cold rolling 
The strip crown can be reduced by using backup rolls, roll crown and roll bender, which all 
have the common aim to improve the strip crown: To achieve a thinner cross section at the 
centre of the strip width than at the edges, the work roll gap is arranged to have a concave 
shape at the entry point of the strip into the rolls. As a consequence, the top and bottom 
rolls surfaces become parallel. There are several other ways to improve the strip crown, 
some of which are listed below [55, 56]:  
1. Rolling shifting control methods such as flat roll shifting, universal profile crown 
end taper roll shifting and continuously variable crown. 
2. Roll crown control methods such as variable crown backup roll, inflatable crown 
back roll, roll pair cross, grown control and controllable thermal crown.  
3. Variable roll strength methods such as self-compensating backup roll and 
controllable taper pistons. 
4. Using Multi-high mills such as 6-high mill, cluster mill and Z-mill. 
5. Roll bending control methods such as backup bender, work roll bender and double 
chock work roll bending.  
2.5.1 Roll bending systems 
Roll bending systems are mainly categorized either as Work Roll Bending Systems (WRB)  
or Backup Roll Bending Systems (BRB) [27]. Further classification of roll bending systems 
can be made based on the plane, direction, and application site of the roll bending forces.  
 Vertical plane (VP) roll bending systems 
 Horizontal plane (HP) roll bending systems 
 Positive or crown-in roll bending systems 
 Negative or crown-out roll bending systems 
 Single-chock roll bending systems 
 Multiple-chock roll bending systems 
 Chock-less roll bending systems 
A few roll bending systems are discussed in detail below: 
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2.5.2 Work roll bending systems 
A typical roll bending system (vertical plane) is shown in Fig. 2.22. It includes single-
chock positive roll bending (Fig. 2.22a), double-chock positive roll bending (Fig. 2.22b), 
single-chock negative roll bending (Fig. 2.22c) and a backup roll bending system (Fig. 
2.22d) [27, 57]. 
 
Figure 2.22 Vertical plane roll bending systems 
 
Vertical plane roll bending system provides continuous control of strip profile, however, is 
not cost effective. The crown control range is also limited by the maximum load the work 
load chock bearings can withstand [57]. Fig. 2.23 shows the crown control range achieved 
through double chock roll bending system. 
 
Figure 2.23 Effect of double-chock roll bending on strip crown control range 
 
The crown control range can be doubled by using the negative roll bending system, making 
it very popular in many rolling mills. The complexity of the backup roll bending system has 
limited its use in the industry [57].                   
2.5.3 Backup Roll Bending Systems 
In backup roll bending systems, the roll bending forces can be applied in the following 
ways [27]:  
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 Applied directly to the backup roll body (Fig. 2.24) through either a single roller or 
through a series of rolls. 
 Applied to the outer backup roll chocks (Fig. 2.25) either directly or through lever 
arms. 
 Applied to the main backup roll chocks (Fig. 2.26) by hydraulic cylinders located 
either inside or outside the chocks. 
 
Figure 2.24 Backup roll bending systems with bending forces applied to roll body 
 
Figure 2.25 Backup roll bending system with bending forces applied to outer chocks 
 
Figure 2.26 Backup roll bending systems with bending forces applied to main chocks 
 
Another method to improve the strip profile is to use stepped backup rolls which eliminates 
undesirable contact zone (Fig. 2.27) [27] and improve the effectiveness of a conventional 
roll bending system. With increasing change in rolling load (∆P), the change in strip crown 
(∆c) becomes considerably small compared to a conventional 4-high mill if stepped backup 
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rolls are used, which is demonstrated in Fig. 2.28a. Furthermore, the control rate ∆c/∆ F is 
also increased considerably as shown in Fig. 2.28b [27, 57]. 
 
Figure 2.27 Concept of stepped backup rolls: a) conventional, and b) stepped 
 
 
a) 
 
b) 
Figure 2.28 Effect of the backup roll contact length on: a) roll force disturbance rate, and b) strip 
crown control range 
 
However, these improvements are limited by the strip width w. The gain in strip crown 
becomes negligible when the strip width approaches the barrel length in a typical 
conventional backup roll. Moreover, with substantial changes in strip width, the backup roll 
has to be replaced [27]. 
2.5.4 Roll shifting systems 
The work-roll shifting type aims to make the strip thickness uniform and improve the 
flatness over a wide range of strip widths by shifting rolls of special shapes. A similar 
output is obtained by using intermediate-roll shifting at greater efficiency. In this case, the 
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intermediate rolls are shifted such that their barrel ends approach the edges of the material 
being rolled with an additional advantage of the ability to generate desired shapes [7]. 
 
Currently, a work roll shifting mill is the most effective mill for strip shape control [27, 58]. 
It improves the strip crown accuracy and edge phenomena, as well as permitting schedule 
free rolling [59, 60] by changing the gap equivalent profile in the roll bite [61, 62]. A 
stepped backup roll concept is essentially a bi-directional shifting of cylindrical back rolls 
as shown in (Fig. 2.29a). It is similar to the high crown (HC) mill developed by Hitachi, 
Ltd. by shifting the intermediate rolls (Fig. 2.29b). The bi-directional shifting of the work 
rolls produces a reduced edge drop or roll wear as shown in Fig. 2.29c. A uniform strip 
profile with no ridges is obtained by cyclic shifting of the cylindrical work rolls which 
smoothens the roll wear contour and thermal crown [27, 57]. Roll wear can also be 
smoothed by shifting the work rolls in the same direction, as illustrated in Fig. 2.29d. 
 
Figure 2.29 Axially shifted cylindrical rolls 
The cyclic shifting (CS) method was applied to HCW stands and uses bi-directional axial 
shifting of the work rolls [27]. It maintains a uniform wear contour and thermal profile of 
work rolls by preventing high spots and coil build up. High spots are caused by excessive 
roll wear at strip edges due to stepped roll wear profile, as shown in Fig. 2.30a. The roll 
wear can be evenly distributed by applying axial side shifting of work rolls, as shown in 
Fig. 2.30b. This allows schedule-free rolling and ability to produce strips of various widths. 
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Figure 2.30 Effect of roll shifting on wear and thermal crown 
 
The high crown control (HC) mills offer combination of roll shifting and roll bending to 
improve strip profile and flatness control while providing for schedule-free rolling [27]. 
Excessive deflection of the rolls is caused by an undesirable contact that exists between the 
work roll and backup roll beyond the strip width. Using a stepped backup roll with a 
contact length equal to the strip width can avoid this contact, as shown in Fig. 2.31a. It is 
often difficult to avoid the contact when various widths are being rolled. However, by using 
an HC mill with bi-directional shifting rolls that can accommodate each strip width to be 
rolled, deflection can be avoided, as shown in Fig. 2.31b. 
 
Figure 2.31 Distribution of roll contact stresses in 4-high mill with: a) stepped backup rolls, and b) 
bi-directionally shifted work rolls 
 
In the strip crown control (HC) method, the zones of undesirable contact between the work 
roll and backup roll are eliminated to reduce strip crown and increase the crown control 
range, as shown in Fig. 2.31b [27]. The strip profile through reduced strip crown and edge 
drop can be improved by the Taper Adjusting (TA) method by positioning the tapered 
portions of work rolls inside the strip edge [27]. As shown in Fig. 2.32, as the effective 
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taper length Et (distance from the strip edge to the roll cross section where the taper zone 
begins) increases, the strip crown becomes smaller. 
 
Figure 2.32 Strip crown controllability with tapered work rolls installed at an F6 mill stand 
 
A comparison of change in strip crown in one rolling campaign by three different methods 
including cyclic shifting, taper adjusting, and conventional methods is shown in Fig. 2.33. 
With the conventional method, the strip crown reduces by 60% after rolling 100 coils due 
to the growth of thermal crown. In the case of cyclic shifting, the average strip crown is 
fairly constant with some initial decrease. However, the taper adjusting method 
outperforms the other two, with a fairly low strip crown. 
 
Figure 2.33 Strip crown s obtained with cyclic shifting (CS), taper adjusting (TA), and conventional 
rolling methods for a 1422 mm hot strip mill 
2.5.5 Axially shifted non-cylindrical rolls 
A continuous variable crown (CVC) control system developed by SMS Schloemann-Semag 
AG is a novel method of increasing the crown control range. The crown control range can 
be increased by bi-directional shifting of the backup rolls (Fig.2.34a), intermediate rolls 
(Fig. 2.34b) and work rolls (Fig. 2.34c). A change in roll gap crown is obtained by special 
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shaping of both the shifted work rolls and non-shifted backup rolls. Bottle shaped contours 
on pair shifting rolls give convex contours on opposite sides of the adjacent rolls [27, 57]. 
 
Figure 2.34 Axially shifted non-cylindrical rolls 
 
In the system shown in Fig. 2.34d, the work rolls are shifted in the same direction, whereas, 
in both CVC and UPS systems the rolls are shifted in opposite directions. By special 
shaping of both the shifted work rolls and non-shifted backup rolls, a change in roll gap 
crown can be obtained. The roll gap profile can be adjusted by CVC technology using bi-
directional shifting of the backup rolls, intermediate rolls, or work rolls. This is 
demonstrated in Fig. 2.35. 
 
Figure 2.35 Continuously variable crown (CVC) and conventional roll gap contours 
The top and bottom rolls have an S-shape with waveforms in each of the rolls offset from 
each other by 180
o
, which provides a symmetrical roll gap contour along the middle of the 
roll gap. In Fig. 2.35a, the work rolls are S-shaped but are not shifted and the roll gap 
height is the same over the full roll barrel length. There is no impact on strip flatness 
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because of the high width-to-thickness ratio of flat rolled products, essentially producing 
the same result when flat work rolls are used (Fig. 2.35b). 
 
The distance between the two roll contours at the centre of rolling stock becomes smaller 
compared to roll gap distance at the roll edges if the top work roll is shifted right and 
bottom work roll is shifted to left by the same amount, as illustrated in Fig. 2.35c. This 
produces the same effect on strip profile as when work rolls have a convex crown (Fig. 
2.35d). Shifting the top work roll left and the bottom work roll to the right (Fig. 2.35e), 
increases the distance between the two work roll contours compared to the roll gap distance 
at the roll edges. The strip profile produced with this method is similar to one produced 
with work rolls having a concave crown (Fig. 2.35f) [27, 57]. 
2.5.6 Roll crossing systems 
By slightly crossing the rolls and reducing the roll force across the roll from the centre to 
the edge of strip, a bigger crown can also be achieved [63]. The main purpose of the roll 
crossing systems is to increase the roll gap with an increase in distance from the roll centre 
by modifying the roll gap profile. It is similar to the crown control function. Roll crossing 
can be performed in a number of ways as shown below (Fig. 2.36) [27, 57]:  
 Work rolls are crossed (WR cross system) 
 Backup rolls are crossed (BU cross system) 
 Work roll axis and backup roll axis of each top and bottom roll unit are kept parallel 
during crossing (PC system) 
 Work roll and backup roll of each top and bottom roll units are crossed in opposite 
directions (DC system)  
 Intermediate roll (IR) cross for 5-high mill stand 
 Intermediate roll (IR) cross for 6-high mill stand  
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Figure 2.36 Roll crossing systems 
 
Crossing of either the backup roll or work roll axes causes relative slip in the axis direction 
between the work roll and the backup roll, producing excessive thrust and power loss due to 
friction as well as excessive roll wear. However, pair roll crossing (PC) systems prohibit 
relative slip (Fig. 2.36) [27, 57]. 
 
The amount of work roll crown that produces the same effect as roll crossing is called the 
Equivalent work roll crown Ceq. It is used to evaluate the effectiveness of the roll crossing 
systems. It depends on the cross angle, roll barrel length, work roll diameter, backup roll 
diameter Db, and intermediate roll diameter Di as shown in Table 2.1 [27]. 
 
By crossing the upper and lower parts of the roll stack, the roll gap in a PC mill forms a 
parabola. This produces the same effect as a convex crown on the work roll. The equivalent 
roll crown Ceq is expressed as:  
2 2 2 2tan / 2 / 2eqC w d w d           (2-18)
 
where w = strip width, Ө = cross angle “in degrees”,  D = work roll diameter 
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Table 2.1 Equations for equivalent work roll crowns related to various roll crossing systems 
Roll crossing system  Equivalent work roll crown 
Work roll cross  
2
1 1
2
eq
w w b
L
C
D D D
  
  
 
 
Backup roll cross  
2
1
2
eq
w b
L
C
D D
  
  
 
 
Pair roll cross  
2
2
eq
w
L
C
D

  
5-high intermediate roll cross  
2
1 1
4
eq
w i b i
L
C
D D D D
  
  
  
 
9-high intermediate roll cross  
2
1 1
2
eq
w i b i
L
C
D D D D
  
  
  
 
The impact of roll cross angle equivalent roll crown and for various roll crossing systems is 
depicted in Fig. 2.37, corresponding Table 2.1. The most efficient roll cross system is the 
work roll cross system while the least efficient one is backup roll cross systems [27]. 
 
Figure 2.37 Equivalent work roll crowns corresponding to various roll crossing systems 
  
Several features are characteristic for roll crossing systems as described below [27, 64]. 
Due to relative slip in the width direction between a cross work roll and the strip, a roll 
axial thrust force is generated. This roll axial thrust force is expressed as:  
0.9
1.1
3
1 exptFt P P
r

 
  
     
          
(2-19) 
where 
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µt = equivalent coefficient of friction or thrust factor, µ = true coefficient of friction, P = 
roll force, r = reduction ratio  
 
The thrust factor decreases exponentially with increasing reduction ratio and cross angle, as 
shown in Fig. 2.38. 
 
Figure 2.38 Relationship between the thrust factor and reduction ratio 
 
The tendency of the strip to shift with respect to the mill centreline is defined as strip 
walking. It is given by the walking index E as: 
h
E
s



          (2-20) 
where 
δh = strip profile wedge or difference between the driver side strip thickness and operator 
side strip thickness, δs = strip displacement from mill centreline. Walking index increases 
with increase in roll cross angle (Fig. 2.39). 
 
Figure 2.39 Relationship between walking index and cross angle 
 
In the PC mill, the strip width edge surfaces are deformed to a rhombic shape in the 
direction of the shearing force due to the shearing force in the width direction. This 
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deformation can be minimised by reducing the roll crossing in a reverse direction between 
passes so that shearing strain direction is reversed in each successive pass.  
2.5.7. Summary 
The strip crown can be reduced by using backup rolls, roll crown and roll bender. There are 
several ways to improve the strip crown such as the roll shifting, roll crown control, 
variable roll strength, roll bending control and multi high mills. Vertical plane roll bending 
systems provides continuous control of the strip profile. The roll bending forces can be 
applied in different ways in backup roll bending systems. Another method to improve the 
strip profile is using stepped backup rolls which eliminates undesirable contact zone. A 
work roll shifting mill is the most effective mill for strip shape control that produces a very 
uniform strip thickness and flatness. It improves the strip crown accuracy, limits the edge 
phenomena and also permits schedule free rolling. An HCW stand uses the cyclic shifting 
(CS) method which uses bi-directional axial shifting of the work rolls. The high crown 
control (HC) mills offers a combination of roll shifting and roll bending to improve the 
strip profile and flatness control while providing for schedule-free rolling. By slightly 
crossing the rolls and reducing the roll force across the roll from the centre to the edge of 
strip, a better crown can also be achieved. 
2.6. Asymmetrical rolling process 
Asymmetric rolling is a novel technique characterised by a geometric asymmetry linked to 
the difference of diameters between the two rolls and a kinetic asymmetry linked to the 
difference in linear speed of the rolls. It is able to introduce intense plastic shear strains and 
in turn shear deformation textures through the strip thickness. There are several ways to roll 
asymmetrically but for industrial applications practice three basic methods are used [65-
68]: 
 different work roll speeds 
 different sized work rolls 
 single roll drive 
Cross shear region is often generated between the backward and forward slip zones during 
an asymmetrical rolling process [12]. This is illustrated in Fig. 2.40. There have been 
several studies to demonstrate that a cross shear region reduces the rolling force by up to 
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40% , as well as permitting considerably reduced strip thickness compared to conventional 
rolling [13, 65]. Reduction of rolling force has a major advantage that very large strains can 
be imparted into the material for producing ultra-fine grain structures, modification of 
textures and production of high strength materials. Asymmetrical rolling results in the 
development of strain with strong shear components both at the surfaces and at the centre 
of the strip [69]. One of the effects of this shear component is to increase the surface area of 
the deformed grains to higher values than would be possible in pure plain strain 
compression deformation. In the case of deformed austenite this leads to more nucleation 
sites for recrystallisation or phase transformation. The final result is finer ferrite grains in 
comparison to the case of conventional hot rolling [53, 69]. 
  
 
Figure 2.40 Asymmetrical rolling process 
 
An asymmetrical tensile state results in the roll gap when a work-piece is subjected to 
asymmetric rolling. It also causes strip curvature, misalignment and dimensional accuracies 
as suggested by Salimi and Sassani [11]. The problem gets worse during multi stage rolling 
as the curvature of the strip makes the re-entry of the work-piece difficult, often leading to 
damage to the rolling equipment. Shape factor (a function of the degree of reduction and 
radius of rolls) dictates the magnitude of rolled strip bending. The bending of the rolled 
strip depends on the shape factor, which is a function of the degree of reduction, and of the 
radius of the rolls. 
V0 
 
 
xn1 
 
xn2 
 
 
Cross shear 
.region 
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The reduction per pass, as per the traditional rolling (symmetrical rolling) theory, is given 
as: 
0 1h h h             (2-21)  
where ∆h is the reduction per pass, ho is the thickness at entry, h1 is the thickness at exit. 
The zone between the points at entry (strip enters the rolls) and exit (strip exits the rolls) is 
called the deformation zone. This is illustrated as the zone between points A and B in Fig. 
2.41. The horizontal arc of contact is the roll contact length, expressed as: 
dl hR           (2-22) 
 
Figure 2.41 Deformation zone in flat rolling process 
 
The asymmetrical rolling process has been the subject of interest of a number of studies 
[70, 71]. These include studies of asymmetrical rolling process using the slab method [11, 
72], finite element method [73], influence function method [74, 75] and experimental 
method [13, 76]. Sachs et al [77] was the first to find out that the sheet would bend toward 
the free roll in rolling of the sheet with two similar diameters rolls. This is due to the 
difference in the rotational velocities of the free and driver rolls. Johnson et al [78] 
performed their experiments with the lead sheets and studied the effects of the variations of 
the rotational speeds and the frictions on the forces and moments needed for rolling. 
Popseich [79] used photoelasticity techniques to plot the contact pressure contours for the 
top and the bottom rolls, separately. Hwang et al [76] obtained the rolling force needed for 
asymmetrical rolling analytically by assuming the sticking frictions between the rolls and 
the sheets along the contact arcs, although they used similar contact pressure profiles for 
the top and the bottom rolls. Salimi and Sassani [11] obtained the contact pressure profiles 
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for each roll analytically by considering the effects of the contact shear stresses due to 
asymmetry. Shivpuri [80] carried out elastic-plastic finite element analyses and considered 
the effects of the changes in the rolling diameters on the radius of curvature.  
2.7 Theory for rolling force calculation 
2.7.1 Rolling force calculation models 
The rolling force calculation model is based on the theory given by Bland-Ford and Hill, 
and the sub-models supporting these models include roll-flattening model formulated by 
Hitchcock, the deformation resistance model and the friction coefficient model. All these 
models are important to precisely calculate the rolling force in cold rolling system. In 
following sections these models are explained. 
2.7.1.1 Bland-Ford-Hill model 
According to Bland-Ford-Hill model, at the time of cold rolling process, the strip undergoes 
the phenomenon of work hardening. With the increase of strip reduction the rolling force 
increases. In this process of reduction, there is not only plastic deformation but also elastic 
deformation occurs. Therefore, the roll bite is divided into three zones, a) entry elastic 
compression zone, b) plastic deformation zone, and c) exit elastic recovery zone. Bland-
Ford-Hill’s rolling force calculation model is based on considering all these three 
conditions that happen during cold rolling as shown in Fig. 2.42 [57, 81-85]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.42 Elastic and plastic deformation zones in the cold rolling process 
 
Workroll 
Workroll 
σ0 σ1  
h0 
Strip 
h0
p 
F
e
0 F
p 
F
e
1 
h1
p 
h1 
k0 
km km 
Elastic compression 
zone 
 
Plastic deformation zone 
 
Elastic recovery 
zone 
 
75 
 
where 
0Fe  is the deformation rolling force at the elastic entry zone, 
pF  is the rolling force 
at plastic deformation zone, 
1
eF  is the rolling force at elastic exit zone, 0h  is the entry strip 
thickness, 
0
ph  is the entry strip thickness in the plastic deformation zone, 1h is the exit strip 
thickness, 
1
ph  is the exit strip thickness at the plastic deformation zone, 0k  is the entry strip 
deformation resistance, 
mk  is the deformation resistance at the plastic deformation zone, 1k
is the exit strip deformation resistance, 
1  is the tension in the backward zone, 2  is the 
tension in the forward zone. The total rolling force is calculated by the following equation. 
 p eF F F           (2-23) 
where, 
 
pF  is the rolling force in the plastic deformation zone, and  
 
eF  is the rolling force in the elastic deformation zone.  
The rolling force in the plastic deformation zone (
pF ) can be calculated by the following 
equation 
    0 1p F mF Q k W R h h          (2-24) 
where, R  is roll flatten radius.  
FQ  is the influence coefficient of friction, and derived by following equation 
1
1.08 1.02 1.79 1F
R
Q r r r
h
  

      (2-25) 
And   is a model coefficient which is evaluated by 
  
0 1. .       
Since there are two regions of elastic deformation, therefore rolling force in elastic 
deformation is a summation of rolling force in these two zones given by 
 
0 1
e e eF F F    
    
2
1
0 1
0 1
2 1
 
3
m m
h
k k W R h h
E h h



  

     (2-26) 
In Equations (2-24)-(2-26), r  is the reduction at each pass,   is the coefficient of friction 
between the roll and strip,   is the Poisson ratio, E  is the Young’s modulus,   is the 
influence coefficient of back tension,   is the influence coefficient of front tension. 
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2.7.1.2 Roll flatten radius model (Hitchcock model) 
Due to the phenomenon of work-hardening that occurs during a cold rolling process, strip 
deformation resistance increases considerably. This causes the contour of work roll to 
become larger, flattening the roll radius and thus the contact arc between the roll and strip 
increases. Consequently it influences the rolling force significantly. Therefore it is 
necessary to calculate the deformed radius. Hitchcock’s equation is used to calculate the 
roll flatten radius, expressed by the following Equation [82, 83, 86].   
 
 216 1
1
 eq
F
R R
E W h


  
  



      (2-27)  
Where 
eqh  corresponds to the equivalent reduction of the strip, and is calculated by 
  
2
1 0
e p e
eqh h h h             (2-28) 
 where,   
2
1 1 1 1
1eh h k
E



   , and 
   
2
0 0 1 1 1 1
1p eh h h h h k
E



        
where, R  is the roll flatten radius, R  is the original roll radius, and F is the rolling force. If 
a new variable is implemented, called roll flatten coefficient, then Equation (2-27) can be 
reduced to 
 1 r
eq
C F
R R
h
  
  
  
         (2-29) 
where,  
 216 1
rC
E



  
2.7.1.3 Coefficient of friction model 
The friction that occurs between the strip and work roll during a cold rolling process, is the 
important factor for the calculation of rolling force. The coefficient of friction (denoted by
 ) affects various conditions of the rolling force, for instance the roll surface condition, 
rolling speed and so on. In the production process of cold rolling, the coefficient of friction 
varies, and actually almost all the process and device parameters can affect the friction 
conditions in the deformation area which ultimately causes changes in the value of  , and 
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thus it makes the determination of   very intricate. As it is difficult to derive from theory, 
an empirical regression model is adopted to determine the value of  . Equation (2.30) is 
used for coefficient of friction modelling [84, 87]. 
.L min             (2-30) 
where,   is the coefficient of friction, 
L  is the coefficient according to the strip rolling 
length for the work roll, 
  is the coefficient according to the rolling speed, min  is the 
initial value. 
 
For the purpose of adaptive learning, another parameter is usually added to Equation (2-
30).  
 .L min C               (2-31) 
where, C  is the learning parameter. 
2.7.1.4 Deformation resistance model 
Deformation resistance is a phenomenon of the properties of strip material that can directly 
affect the value of rolling force. Similar to the coefficient of friction model, it is also 
difficult to derive an equation for deformation resistance from theory, and therefore an 
empirical regression model is used as expressed in Equation (2-32) [81, 84]. 
0
0 0 
n
h
k k ln
h

 
  
 
        (2-32) 
where, k  is the deformation resistance, 
0k , 0 , n  are model coefficients, 0h  is the original 
strip thickness, h  is the strip thickness where we want to calculate the deformation 
resistance. For the sake of adaptive learning Equation (2-32) is written as  
 00 0 0 
nC n
k
h
k C k ln
h

 
  
 
       (2-33) 
where, 
0kC , and nC are the learning parameters. 
2.8. Motivation of this study 
Asymmetrical rolling was one of the continuous severe plastic deformation (SPD) 
techniques suitable for achieving severe grain reduction below the micrometre level, 
together with a deep industrial potential. Among asymmetrical rolling methods, differential 
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speed rolling (DSR) was known to be desirable for enhancing the mechanical properties of 
the workpieces. DSR is one of the rolling methods utilizing two rolls identical in size where 
each is driven by its own motor, generating the different rotation speeds of upper and lower 
rolls, so that the shear strain could be imposed uniformly through the sheet [88, 89]. This is 
shown in Fig. 2.43. 
 
Figure 2.43 Schematic diagram of differential speed rolling and sample rotation 
 
A differential speed rolling where intense plastic strain is induced by the different speeds of 
the rolls with identical dimensions has been regarded as a promising method that provides 
the possibility to overcome the main drawback of severe plastic deformation during rolling 
[89]. The need to develop materials with superior mechanical properties (ultrafine grained 
metals) has led to development of a range of severe plastic deformation techniques. One of 
the easiest ways of obtaining improved mechanical properties is differential speed rolling 
[19, 20]. However, there has been limited number of works reporting texture evolutions 
achieved after deformation using various roll speed ratios. Further, the effects of the 
deformation path during rolling on the microstructural and textural developments as well as 
the overall mechanical properties have not been given sufficient attention. 
 
Hamad et al [90] studied the effect of the deformation path on the microstructure, micro-
hardness, and texture evolution of interstitial free (IF) steel processed by a differential 
speed rolling (DSR) method. For this purpose, total height reductions of 50% and 75% 
were imposed on the samples by a series of differential speed rolling operations with 
various height reductions per pass (deformation levels) ranging from 10 to 50% under a 
fixed roll speed ratio of 1:4 for the upper and lower rolls, respectively. Microstructural 
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observations using transmission electron microscopy and electron backscattered diffraction 
measurements showed that the samples rolled at deformation level of 50% had the finest 
mean grain size (~0.5 μm) compared to the other counterparts; also the samples rolled at the 
deformation level of 50% showed a more uniform microstructure. Based on the micro-
hardness measurements along the thickness direction of the deformed samples, gradual 
evolution of the micro-hardness value and its homogeneity was observed with an increase 
of the deformation level per pass as shown in Fig. 2.44. Texture analysis showed that, as 
the deformation level per pass increased, the fraction of alpha fibres and gamma fibres in 
the deformed samples increased. 
 
Figure 2.44 Average micro-hardness values of the DSR-deformed IF steel samples with respect to 
the deformation level 
 
In a study conducted on 5052 Al alloy with a roll speed ratio of 1:4, the sample was 
subjected to a four pass DSR operation with a height reduction of 30% for each pass, 
corresponding to a total strain of 1.6 [91]. It was found that as the DSR strain increased, the 
yield strength of the sample was approximately five times as high as that of the initial 
coarse counterpart, approaching a maximum value of 375 MPa (Fig. 2.45). 
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Figure 2.45 Room temperature tensile curves of the deformed samples with respect to DSR strains 
 
Experiments performed on 1100 aluminium alloys with a roll speed ratio of 1.8 
demonstrated a superior grain refining effect with a corresponding increase in tensile 
strength [92]. This is attributed to the increased amount of the true equivalent strain due to 
the differential speed rolling. The effect of the roll speed ratio on the deformation 
characteristics of interstitial free (IF) steel samples after a single DSR operation with a 
height reduction of 50% at roll speed ratios ranging from 1:1 to 1:4 was investigated by Ko 
et al [93]. After a single pass, the resulting microstructures exhibited severely deformed 
ferrite grains, which were more uniformly elongated and aligned with the rolling direction 
as the roll speed ratio (or strain rate) increased. The structural refinement was attributed to 
the grain subdivision of the ferrite phase with the aid of [50] dislocation slip, which was 
readily activated in order to accommodate the intense plastic strain as well as to suppress 
the deformation localisation. In addition, the micro-hardness values of the DSR-deformed 
IF sample under a roll speed ratio of 1:4 appeared to be higher and more uniform than those 
of the other roll speed ratios, which was attributed to the decrease in the frictional force as 
the roll speed ratio increased. 
 
Large shear deformation was successfully introduced in 5182 aluminium alloy sheets by 2-
pass differential speed warm rolling under a high friction condition by Sakai et al [94]. The 
roll speed ratio was varied from 1.0 to 2.0. When the roll speed ratio was smaller than 1.4, 
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shear strain increased near the surface, but the strain decreased to zero at the mid-thickness. 
At a roll speed ratio larger than 1.4, the shear strain was introduced even at the mid-
thickness, and it increased near the surface. Thus the shear strain increased with the roll 
speed ratio. Differential speed rolling, by which shear deformation can be introduced 
throughout the thickness, was thus shown to be a promising process for improving the 
physical and mechanical properties of rolled and annealed aluminium alloy sheets by 
texture control. 
 
2.9 Summary 
Upon analysing the available literature, it is obvious there has been a lack of evidence on 
investigating the effect of different upper/lower roll speed ratios on strip shape and profile. 
This is attributed to the fact that differential roll speeds in a single roll stand will only 
impact the microstructure and the mechanical properties of the strip and does not contribute 
to the final shape or profile of the rolled material. Bi-directional work rolls shifting that 
smoothens the roll wear has also been studied, however, without considering the effect of 
speed ratio. Furthermore, there is lack of research available on the effect of speed ratios on 
cold rolling of materials other than IF steel and aluminium. There are also limited fixed 
speed ratios that have been studied. A large gap in the body of knowledge has been 
identified through the above literature review in terms of choice of speed ratio and 
materials. After careful analysis of the literature review performed in this section, it is 
reasonable to propose the following scope for the current study: 
 
The current thesis will aim at studying the effect of two speed ratios (1.1 and 1.3) for 
upper/lower rolls, and target three different materials such as aluminium, steel and low 
carbon steel. This approach will allow investigation of the effect of speed ratio on rolling of 
materials with different properties which can be used to ascertain whether the strip shape 
and profile is a function of only the speed ratio or material properties or a combination of 
both. 
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Chapter 3 
 
RESEARCH METHODOLOGY 
3.1 Introduction 
In this chapter, the experimental procedure, and methodology are discussed in detail. One, 
two and three passes rolling tests that simulate manufacturing practice have been conducted 
extensively while implementing the rolling process parameters. Details on the equipment 
used, methods of sample preparation, measurement techniques are also described. The 
selection of rolling parameters such as asymmetrical rolling, speed ratio, reduction and 
rolling speeds are also discussed. 
3.2 Equipment 
In this section, the details and specifications of the equipment and tools used in preparation, 
testing and analysis during the course of this PhD study are described. 
3.2.1 Hille 100 rolling mill 
The experiments were conducted on a Hille 100 rolling mill located at the Manufacturing 
Research Laboratory at University of Wollongong, NSW. Fig. 3.1 shows the rolling 
machine used. 
 
Figure 3.1Hille 100rolling mill 
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The Hille 100 rolling mill was operated under 4-high asymmetrical rolling conditions to 
accurately obtain thinner strips. The mill is driven by a 56 kW motor that has a maximum 
speed of 60 rpm. Rolling was carried out using rolls with specifications listed in Table 3.1. 
Work roll shifting of 0, 4mm and 8mm and work roll cross angles of 0
o
, 0.5
o
 and 1
o
 were 
utilised as shown in Fig. 3.2. 
 
Table 3.1 Specifications for the 4-high Hille 100 rolling 
Mill system Work roll crossing and shifting 
Cross angles 0, 0.5 and 1
°
 
Shifting value 0, 2 and 4 mm 
Upper work roll  63 mm diameter, 250 mm long (Appendix A) 
Lower work roll 69 mm diameter, 250 mm long (for 1.1 speed ratio) 
Second lower work roll 82 mm diameter, 250 mm long (for 1.3 speed ratio) 
Back up roll 228 mm diameter, 250 mm long (Appendix A) 
Rolling force 0-1500 KN 
Rolling torque 0-13 KNm 
Rolling speed 20 and 30 rpm 
Roll surface roughness Ra 0.2 m 
 
Figure 3.2 Schematic of, (a) work roll shifting, and (b) work rolls cross angle 
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To measure the rolling forces a backup roll with two 1000 KN load cells was mounted on 
the mill. Torque was measured using a sensor cell connected to the gear box and the backup 
roll and was mounted in a convenient location. The 4-high control system program allows 
recording and downloading of the torque and rolling force data. The roll gap was controlled 
through two position transducers. A hydraulic Automatic Gauge Control (AGC) is also 
available on the Hille 100 experimental rolling mill.  
3.2.2 Micrometer 
The entry and exit thickness of the specimen and profile of the rolled specimen were 
measured using a point type digital micrometer series: M04 shown in Fig. 3.3. The 
micrometer has a 0.001 mm graduation and was re-zeroed regularly between groups of 
specimens to ensure accurate repeatability. Readings were taken at several points along the 
width of the specimen. 
 
Figure 3.3 Point type digital micrometer 
3.2.3 Friction measurement equipment 
To measure the coefficient of friction, scratch testing was performed on the rolled strips 
using a Revetest Express+ Scratch Tester (Fig. 3.4). It is equipped with software that allows 
the direct measurement of coefficient of friction as shown in Fig. 3.5. 
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Figure 3.4 Revetest Xpress+ Scratch Tester 
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Figure 3.5 Coefficient of friction (a) aluminum, and (b) low carbon steel 
  
3.3 Sample preparation method for microstructure and hardness measurement 
To study the microstructure and perform hardness test on rolled strips, 1cm
2
 samples were 
cut from the rolled strip using a cutting plier as shown in Fig. 3.6.  
 
Figure 3.6 Samples for microstructure and hardness measurement 
 
        Scratch distance     Scratch distance 
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These samples were subjected to standard sample preparation method for microscopic 
studies. The samples were hot mounted using a Struers CitoPress-20 press (Fig. 3.7 (1)) in 
an epoxy resin using specimen mounts as shown in Fig. 3.7(2). These samples were marked 
for identification using a hand drill as shown in Fig. 3.7(3). The mounted samples where 
then ground and polished on a Struers Tegramin-20 polisher starting from coarse polishing 
paste 9 µm down to 1 µm as shown in Fig. 3.7(4). 
 
A Color 3D Laser Microscope VK-X100/X200 Series shown in Fig. 3.7 (5a) was used to 
study the microstructure. Hardness measurement on these samples was performed using a 
Struers DuraScan-70 Hardness Tester. The measurement involved testing at 9locations on 
the sample as shown in Fig. 3.7 (5b) to obtain an average hardness value. 
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Figure 3.7 Sample preparation for microscopy and hardness measurement 
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3.4 Rolling Parameters 
In order to obtain the most optimum set of rolling parameters that can ensure the best 
quality of thin strip shape and profile, various combinations of these parameters were 
studied. The details about each parameter are described in the following sections. 
3.4.1 Lubricant 
Half of the implementation on the Hille 100 rolling mill for this study required to be 
lubrication under rolling conditions to analyse the difference between the dry and lubricated 
specimens. Hyspin AWS100 lubricant was used to provide the appropriate lubrication for 
the rolling process. This type of light hydraulic lubricant has an assumed coefficient of 
friction of 0.1 and is similar to that which is used in industry. Industry commonly uses an 
emulsified water and oil mixture. A uniform lubricant coating was obtained over the entire 
surface of the specimen using a brush as shown in Fig. 3.8. 
 
Figure 3.8 Lubrication of samples 
3.4.2 Rolling Speed (20 and 30RPM) 
In order to determine the effect of rolling speed on the strip quality, rolling was performed 
at various rolling speeds. Although the Hille 100 rolling mill has a top speed of 60 rpm, 
bearing wear restricted the maximum speed to 40 rpm. Initially, the analysis consisted of 
fast, intermediate and slow rolling speeds; however the mill could not operate at 45 rpm. 
Therefore, 20 rpm and 30 rpm were selected for the purpose of this study. Moreover, at low 
speeds, there is no tension on the rolls.  
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3.4.3 Strip Width (80 and 100mm) 
The strip width was also assessed in this study to see what effect it has on the quality of the 
shape and profile of thin strip.  In order to gain an understanding of the effect of strip width, 
80mm and 100mm widths were chosen. 
3.4.4 Reduction (20 and 30%) 
The percentage reduction and number of passes affect the quality of thin strip. In 
conjunction with other rolling parameters, 20% and 30% reductions were selected. The 
number of passes was determined using the initial and final thicknesses as shown in Tables 
3.2 and 3.3.  
Table 3.2 20% reduction distribution for the 3 passes 
 
 
 
Pass 
In
it
ia
l 
th
ic
k
n
es
s 
(m
m
) 
P
a
ss
 r
ed
u
ct
io
n
 (
%
) 
T
a
rg
et
 t
h
ic
k
n
es
s 
(m
m
) 
O
v
er
a
ll
 r
ed
u
ct
io
n
 
(%
) 
1st pass 0.5 20 0.4 20 
2nd pass 0.4 20 0.32 36 
3rd pass 0.32 20 0.256 49 
To achieve a final thickness of 0.256 mm from an initial thickness of 0.5 mm, required 3 
passes, with 20% reduction in each pass. Similarly, to achieve a final thickness of 0.1715 
mm from an initial thickness of 0.5 mm required 3 passes, with 30% reduction in each pass. 
Table 3.3 30% reduction distribution for the 3 passes 
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1st pass 0.5 30  0.35 30 
2nd pass 0.35 30 0.245 51 
3rd pass 0.245 30 0.1715 66 
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3.5 Sample preparation and number of samples used 
The samples were machined to specific dimensions to suit the requirements of the 
experiment and to obtain accurate measurements for the rolling process parameters being 
evaluated. A total of 1152 samples were used to collect substantial data on each of the 
parameters as shown in Fig. 3.9. This high number of samples was used to obtain high 
quality data and increase confidence in the results obtained. 
 
All the samples were rolled for 1st, 2nd and 3rd passes. However, any sample that 
experienced damage was tagged as damaged. Moreover, 2 samples were rolled for the 1st 
pass, but for 2nd and 3rd passes, only one sample could be rolled due to reduced length 
obtained from successive passes.  
Figure 3.9 Flow chart of the rolling schedule for the experimental rolling process 
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3.5.1 Material details 
Low carbon steel and aluminium strips were picked consciously to obtain accurate results. 
Care was taken to ensure that each strip was free of obvious defects and was of uniform 
thickness. A point type digital micrometre was used at many locations on the specimen to 
measure its thickness and ensure uniformity. 
3.5.2 Sample dimensions (Geometry) 
Samples were machined at the Engineering workshop of University of Wollongong.  
Samples were cut into 400 mm long strips with two widths 80 mm and 100 mm as follows: 
Sample 1 – 80 mm wide by 400 mm long, initial thickness of 0.50 - 0.55 mm 
Sample 2 – 100 mm wide by 400 mm long, initial thickness of 0.50 - 0.55 mm 
Different widths were used to study the effect of width on strip profile with other rolling 
parameters. All edges were cut on a guillotine.  
3.5.3 Thickness 
The initial thickness of the specimen was 0.50 mm. Each specimen was measured several 
times at different locations before the testing as shown in Fig. 3.10 so as to identify the 
final thickness for the specific required reduction. The specimen was measured again after 
the rolling operation was completed to ensure the final target thickness was achieved. The 
specimen which did not fit the required measurements were either re-machined or discarded 
before rolling the next specimen.  
 
Figure 3.10 Measuring specimen thicknesses before rolling 
92 
 
3.5.4 Specimen tracking code and labelling 
The specimens were properly labelled following the testing. Proper labelling was very 
important to keep track of the entire specimen. The code consisted of 8 digits. The details 
of the labelling technique used are discussed below. 
For example: the digital code for one particular sample was “1.1AAA11AL” 
1
st
 Digit The first digits “1.1” or “1.3” represents whether the rolling process is 
operated under speed ratio 1.1 or 1.3. 
2
nd
 Digit The second digit “A” represents the work roll angle which varies from 0, 
0.5
°
 and 1
°
 degree. 0 degree work roll angle is represented as ‘A’, 0.5
°
 
degree as ‘B’, and 1
°
 degree as ‘C’. 
3
rd
 Digit The third digit “A” represents the length of the roll shift. This value varies 
from 0, ± 4, and ± 8 mm. 0 roll shift is represented as ‘A’, ± 4 mm as “B”, 
and ± 8mmas ‘C’. 
4
th
 Digit The fourth digit “A” represents the width of the specimen. The width varies 
from 80 - 100 mm. 80 mm width is represented as ‘A’ and 100 mm as ‘B’.   
5
th
 Digit The sixth digit “1” represents the speed of the roll. The speed of the roll 
varies from 20 to 30 rpm. 20 rpm is represented as ‘1’, 30 rpm as ‘2’. 
6
th
 Digit The fifth digit “1” represents the reduction. The reduction values vary from 
20 - 30%. 20% reduction is represented as ‘1’ and 30% as ‘2’.   
7
th
 Digit Two samples were used to check for each of the varying parameters to 
obtain accurate results. By taking the average of the results obtained from 
each parameter the error percentage was reduced. ‘A’ represents the first 
sample and ‘B’ the second sample. 
8
th
 Digit “no digit” represents no lubrication used and an “L” represents that 
lubrication (Hyspin AWS100) has been used. 
 
3.5.5 Cold rolling schedule spreadsheet 
All information related to the experiments/measurement was documented using a 
spreadsheet as shown in Appendix B. This information includes the tracking codes, rolling 
parameters and results obtained from the experiments. The spreadsheet also ensured that 
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experiments were carried out according to the plan and samples were rolled under the 
correct conditions. 
 
3.6 Experimental procedures 
Several stages were involved in the experimental process. This section provides details of 
the process that was followed to ensure error free rolling and sample analysis. 
3.6.1 Practical procedures 
As a precautionary measure to ensure uninterrupted and even reduction along the entire 
specimen, the specimen was ground at the edge that would enter the rolling mill. This 
would ensure a smooth and even passing of the specimen through the rolling mill. Samples 
were also marked with the tracking code on the opposite end as shown in Fig. 3.11. 
 
Figure 3.11 Grinding and marking of sample 
 
In order to avoid cleaning the work rolls which is a fairly time consuming process, rolling 
was first performed on unlubricated samples and then on the lubricated samples. 
To calibrate the Hille 100 rolling mill to appropriate rolling conditions, tested samples were 
fed through it. This ensured that the implementation stage was in accordance with the 
rolling schedule and each specimen was subjected to the intended parameters by levelling 
the work rolls which resulted in even thickness reduction across the entire strip width. As 
many problems were encountered while adjusting the rolling mill to its minimum reduction 
limit, the rolling schedule was altered to make the lowest reduction achievable. The work 
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roll gap was then decreased to achieve the required reduction according to the rolling 
schedule.  
 
Following the testing using test samples, coded specimens were used and the rolling data 
were recorded. The rolling schedule was referred to prior to each of the individual 
specimen being rolled and the Hille 100 rolling mill was set to the appropriate rolling 
conditions. To link the appropriate data files to their corresponding rolled specimen, the 
time and recently rolled specimen codes were recorded at regular intervals. This also 
included recording the time and rolling specimen codes when unexpected circumstances 
were encountered. The most common challenges encountered were the rolling mill stalling 
and the specimen getting stuck during the rolling operation. This assisted in easily 
disregarding the data files of the specimen that were damaged during the rolling process. 
 
Work roll crossing, roll shifting, width, reduction and rolling speed are the rolling 
parameters considered. Two samples were rolled in compliance with each combination of 
the rolling parameters mentioned. To ensure that the required reduction was being 
achieved, the initial two samples (test samples) were rolled at the first rolling speed. The 
rolling speed was then increased and the roll gap was examined. This ensured that the 
required reduction was constantly being achieved.  
 
All the steps mentioned above were repeated for all the samples. The rolling speed was 
recorded by the help of a digital display. From both the operator end and the driving side, 
the roll gap was measured and recorded after each reduction. This process ensured that each 
of the specimen were consistently being rolled in the same rolling specifications which 
resulted in obtaining accurate results and reduce the margin for error. The thickness of the 
specimen was also constantly monitored to ensure that the required results were obtained. 
 
After the completion of the first pass strip rolling as shown in Fig. 3.12, the sample was 
labelled in an appropriate manner as discussed above. A part of the sample was cut from 
the whole rolled sample and was labelled with the same ID number as the remaining large 
sample. The large sample was then prepared for the second rolling pass. The remaining 
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small part was used to measure the strip profile thickness as shown in Fig. 3.13. The reason 
for using a small part for profile thickness measurement was limited width capacity of the 
micrometer for measuring samples. 
 
The profile thickness distribution of each sample was measured at 11 points for 80 mm 
widths, and 13 points for 100 mm widths, as shown in Fig. 3.14a and 3.14b respectively, 
across the entire width of the sample. Care was taken that no defects were present along the 
measurement line on the strip. The data obtained from this process was used to analyse the 
shape and to determine a profile of the rolled specimen with respect to the rolling 
parameters considered. More samples were cut from the strip to study the microstructure 
and measure strip hardness. The samples used for microscopic study and hardness 
measurement were cut from the same area as shown in Fig 3.15. 
 
Figure 3.12 Rolled strip specimen batches (1st pass) 
 
 
Figure 3.13 (1) Preparation for second pass rolling, a) samples kept for further examination, b) 
samples kept for measurement, and c) sample rolled again for 2nd pass, (2) samples ready for 
measurements, and (3) measuring the thickness distribution 
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80 mm wide strip 
was measured in 11 
places across the 
width 
 
 
 
 
  
 
 
 
100 mm wide strip 
was measured in 13 
places across the 
width 
 
 
 (a)   (b) 
Figure 3.14 (a) 80 mm wide strip measuring points, and (b) 100 mm wide strip measuring points 
 
Figure 3.15 Area that was used to cut samples to study hardness and microstructure 
 
Throughout the study, after every set of rolling under unlubricated and lubricated 
conditions, the rolls were inspected for any wear and damage as shown in Fig. 3.16. If there 
was any wear or damage, the rolls were ground to obtain smooth surface and extend the 
rolling. 
 
Figure 3.16 Inspection of wear and damage on work rolls 
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After completion of the first rolling pass the specimens were prepared for the second rolling 
pass. The second rolling pass would be performed used similar conditions as the first pass. 
The material hardening effects on the specimen were studied and analysed thoroughly. The 
thickness of the specimen was measured following the first pass. The specimen has been 
reduced by another 20% / 30% of the thickness measured after the first pass (new 
“original” thickness). The specimen was coded appropriately for each stage. A test sample 
from each of the specimen was cut to do further testing as shown in Fig. 3.13 which 
included both microstructure and hardness measurements. The sample was labelled 
according to the pass sequence. All these steps were repeated for the third rolling pass. 
 
After completion of all testing for unlubricated samples, the same procedure was followed 
for lubricated samples. In between every pass, a fresh layer of lubricant was applied. 
Samples needed a thorough cleaning beforehand as the lubricant made writing the sample 
tracking code difficult on the samples.  
3.6.2 Software procedures 
3.6.2.1 Operation of the mill 
Operation of the rolling mill is recognised as a complex task and only trained technical staff 
can operate such machines. It is controlled by two user friendly labelled interfaces. It 
allows easy modification of the roll gap and rolling speed. At the same, it provides live 
feedback of the rolling force, torque and displacement of the work rolls. The interface unit 
(operation side (OS)) is shown in Fig. 3.17. The power, adjustment of work rolls, rotation 
direction and rolling speed can be controlled through this interface. It also contains the 
main power and emergency switches. 
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Figure 3.17 Hille 100 rolling mill interface 1 
 
The drive side (DS) of the user interface is shown in Figs. 3.18 and 3.19. This interface 
provides live feeds of all rolling parameters, shows digital live feeds of the rolling force etc.  
The black knobs in Fig. 3.19 are used to adjust the work roll gap. 
 
Figure 3.18 Hille100 rolling mill interface 2 
 
Figure 3.19 Hille 100 rolling mill roll gap adjustment 
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3.6.2.2 Data Acquisition  
Data on rolling parameters and rolling output was acquired through Matlab/xpc technology 
software attached to the Hille 100 rolling mill. The program runs in an environment with a 
Host Personal Computer (PC) and a Target PC, which communicate with each other by 
TCP/IP protocol. The program was developed by University of Wollongong. It collects 16 
different data forms from the mill, but only the following are relevant to this study:  
1. Rolling time (s) 
2. Sample intervals (s) 
3. Total rolling force (kN) 
4. Motor output (kW) 
5. Torque of both work rolls (kN.m) 
6. Rolling speed (RPM) 
7. Total torque (kN.m) 
 
A typical screenshot of the analysis software is shown in Fig. 3.20. It provides live 
feedback on various outputs such as real roll gap value for the OS and DS, roll load value 
for OS and DS,  mill speed value, mill torque value, and rolling force, etc. as shown in the 
red circle in Fig. 3.20. The software also allows the user to select and name data files for 
individual passes. This data was saved to a USB for later analysis and after each pass the 
file was saved in accordance with the sample tracking code. The data was then analysed 
using Matlab and Microsoft Excel. 
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Figure 3.20 Matlab data acquisition software screenshot 
 
3.6.2.3 Data Acquisition Procedure 
The data acquisition software was set up with the correct tracking code before each sample 
was fed through the rolling mill. This made the data analysis procedure a lot easier as the 
different files were easily recognisable and easily matched to the rolling schedule and test 
sample that were cut off. 
3.6.3 Final Measurements 
The test pieces that were cut off after each pass after conclusion of experiments were 
measured to determine their widths and thicknesses. All data was entered into the cold 
rolling schedule for analysis. Whenever the sample experienced any tears, it was noted in 
the rolling schedule to identify and discuss in the results section. 
3.6.4 Data Analysis 
The raw data obtained from the acquisition software was exported to Microsoft Excel and 
the required values obtained. The values obtained from this process were all fed into the 
cold rolling spread sheet (Appendix B) which contains all the information relevant to 
rolling parameters, results and measurements. These will be discussed in the next chapter. 
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The results were used to plot various combinations of rolling parameters to identify the 
optimum combination in terms of strip profile and strip thickness.  
3.7 Minimisation of experimental error 
To minimise sources of experimental errors, special care was taken particularly throughout 
the implementation stage. Though several factors were unavoidable, an effort was made to 
minimise their impact on the rolling data collected. The main factors identified were 
inconsistent strip gauge. The strip was not rolled under tension and the cracks ware caused 
during implementation. Fig. 3.21 shows cracking in a specimen. Cracking is a very 
common phenomenon that occurs in rolling processes that have high reduction and high 
rolling speeds. The results of cracking are substandard surface finish and reduced or uneven 
reduction. After studying the defects in the specimen, it was concluded that the cracking 
occurred in the specimen because rolling was not being performed on a continuous strip 
length under tension. The areas affected by cracking were not used to collect further data 
for any analysis. 
 
Figure 3.21 Specimen that experienced cracking 
 
The errors in the rolling gauge can be possibly caused by the condition of the incoming 
rolled product, the 4-high rolling mill control system, mill mechanical components and mill 
hydraulic hardware [95, 96]. Some inevitable errors caused by factors such as mill 
mechanical components and hydraulic hardware were minimised by specimen preparation. 
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The benefits of specimen preparation was later realised during data analysis. The 4- high 
rolling control system was also an unavoidable factor. To considerably negate the impact of 
the 4- high rolling control system on the data collected, it was calibrated prior to the rolling 
pass. Since the incoming rolled specimens were not continuous, there were expected 
inconsistencies occurring in the rolling process. Care was taken not to record any results 
from these areas so as to minimise the error in the data collected.  
 
3.8. Computational procedures 
Several steps has been used to calculate the rolling force for work roll cross angle and work 
roll shifting methods using Matlab software including: 
 An initial contact shape has been assumed to predict the rolling force for 0.5 and 1 
work roll cross angles.  
 Using the iteration method to calculate the rolling force for 0.5oand 1o work roll 
cross angle based on Karman and Hertz contact theory.  
 Calculating the contact length for “without deflection” (flattening of work rolls), 
and “with deflection” (flattening of work rolls) situations. 
 Assuming the coefficients of friction for different speed ratios. These are used in the 
Matlab code for calculating the rolling force. 
 All the above procedures have been codified in Matlab to perform the automatic 
calculation of the rolling force for work roll cross angle and work roll shifting 
methods. 
 
3.9 Summary 
The methodology that was followed to perform the experimental work in this study has 
been discussed in this chapter. The details include description of all equipment used for the 
experiments, measurement and analysis, rolling parameters, sample tracking system, data 
acquisition, data analysis and data storage. Any problem associated with the experimental 
procedure and the computational method that was used to calculate the theoretical rolling 
force has also been noted in this chapter. 
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 Chapter 4 
ASYMMETRICAL COLD ROLLING OF LOW CARBON STEEL THIN STRIP AT 
1.1 SPEED RATIO 
 
4.1 Introduction 
As outlined in Chapter 2, the strip profile is an important measure of the quality of rolled 
strip. Control of strip profile and flatness defects as described in the literature depends on 
rolling parameters because the quality of the strip is governed by optimisation of the rolling 
parameters. In some cold rolling of thin sections, the thin strip profile can experience 
deformation, introducing new and undesirable features to the strip profile. Previous 
experimental research have shown thatcontrol of work rolls cross angle and roll shifting is 
efficient for controlling strip profile [97, 98]. Control of thin strip profile depends on 
control of rolling parameters such as roll gap shape, total applied rolling force, frictional 
conditions, target reduction ratio and rolling speed during cold rolling. 
 
This chapter presents the results of cold rolling performed with various combinations of 
rolling parameters at a speed ratio of 1.1. Details of testing equipment and rolling 
parameters used to perform rolling have already been discussed in the previous chapter. 
The effect of work roll cross angle, work rolling shifting, rolling speed, strip width and 
reduction ratio on strip profile, strip hardness and microstructure have been discussed. 
4.2. Effect of different rolling parameters on strip shape, strip profile and 
resulting microstructure (1st Pass) 
4.2.1 Work rolls cross angle 
The effect of work roll cross angle on the thickness profile of exit strip under dry and 
lubricated conditions at 1.1 speed ratio is shown inFigs. 4.1a and 4.1b [99, 100] 
respectively. In both cases, at 0 work rolls cross angle, the thickness decreased significantly 
towards the strip edge, resulting in an increase of the strip crown. The greater variation of 
thickness near the strip edges is attributed to the fact that the resistance of transverse flow 
in the area near the strip edges is relatively low and this reflects the character of the general 
strip profile produced with conventional rolling mills. The strip thickness decreased with 
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increasing work rolls cross angle from 0 to 1° in both dry and lubricated conditions. There 
is also a significant improvement in strip profile indicating that the work roll crossing 
system has an ability to adapt the roll gap profile causing the roll gap distribution to be 
uniform. This leads to obtain large efficiency of shape and profile control. 
 
In order to illustrate strip profile more clearly, the metrics of crown and edge drop are used 
to estimate the strip profile. The strip crown C5 is defined as the variation value between 
the thickness at the strip centre and thickness at a 5mm distance from the edge, and the ege 
drop Ce is defined as the variation value between the thichness at the 35 mm distance from 
edge and the thickness at 10 mm distance from the strip edge. The strip crown and edge 
drops obtained at 1.1 speed ratio under dry and lubricated conditions are shown in Figs. 
4.2a and 4.2b [99], respectively. The strip crown and edge drops both decreased with 
increasing work rolls cross angle in both cases, indicating that the resistance of transverse 
flowing in the area near the strip edges is relatively low. 
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Figure 4.1 Effect of work rolls cross angle on strip profile at (a) speed ratio 1.1- dry, and (b) speed 
ratio 1.1- lubricated- 1st pass 
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Figure 4.2 Effect of work roll cross angle on strip crown and edge drop for 1st pass at speed ratio 
1.1 (a) dry, and (b) lubricated 
 
The resulting surface microstructures  under dry and lubricated conditions are shown in 
Figs. 4.3a and 4.3b respectively. The estimated grain size ranges from 10 to 20 µm, 
irrespective of the rolling condition. In both cases, there is no significant change in grain 
size that can be associated with increasing work roll cross angle. Please refer to “Appendix 
C” for further detailsabout the resulting cross section microstructure under dry and 
lubricated conditions. 
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Figure 4.3 Surface microstructure of 1st pass rolled strip for speed ratio 1.1 (a) dry, and (b) 
lubricated, 80 mm width, 30 rpm, 20% reduction and no work roll shifting and work roll cross 
angles, (a) 0, (b) 0.5
o
 and (c) 1.0
o
 
4.2.2. Work rolls shifting value 
The effect of work roll shifting value on strip profile and thickness at speed ratio 1.1 under 
dry and lubricated conditions is shown in Figs. 4.4a and 4.4b [99], respectively. Rolling 
was carried with no work roll cross angle to investigate only the effect of work roll shifting. 
There is no apparent difference in rolling output between dry and lubricated conditions. In 
both cases, there is only a slight improvement in strip profile and thickness with increasing 
work roll shifting value. Due to relative shifting between the upper and lower rolls, there is 
a uniform distribution of rolling pressure, essentially decreasing the force required to 
achieve the desired thickness. 
 
There was no significant decrease in both strip crown and edge drop with increasing work 
roll shifting value under and dry and lubricated conditions as shown in Figs. 4.5a and 4.5b. 
The resulting microstructures for dry and lubricated conditions are shown in Fig. 4.6. 
Similar to the effect of increasing work roll cross angle, there was no significant change in 
microstructures in both cases, with a mean grain size of 10-20 µm, irrespective of the 
rolling condition. 
107 
 
-40 -30 -20 -10 0 10 20 30 40
0.340
0.345
0.350
0.355
0.360
0.365
(a)
1.1- 0° WRCA- no WRS- 30% reduction- 20 rpm- 80mm width- Dry- 1st Pass
1.1- 0° WRCA- 4mm WRS- 30% reduction- 20 rpm- 80mm width- Dry- 1st Pass
1.1- 0° WRCA- 8mm WRS- 30% reduction- 20 rpm- 80mm width- Dry- 1st Pass
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
 
-40 -30 -20 -10 0 10 20 30 40
0.340
0.345
0.350
0.355
0.360
0.365 (b)
1.1- 0° WRC- no WRS- 30% reduction- 20 rpm- 80mm width- Lubri.- 1st Pass
1.1- 0° WRC- 4mm WRS- 30% reduction- 20 rpm- 80mm width- Lubri.- 1st Pass
1.1- 0° WRC- 8mm WRS- 30% reduction- 20 rpm- 80mm width- Lubri.- 1st Pass
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
 
Figure 4.4Effect of 1st pass work roll shifting value on strip profile at (a) speed ratio 1.1- dry, and 
(b) speed ratio 1.1- lubricated 
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Figure 4.5 Effect of 1st pass work roll shifting value on strip crown and edge drop at (a) speed ratio 
1.1- dry, and (b) speed ratio 1.1- lubricated 
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Figure 4.6 Surface microstructure of 1st pass rolled strip for (a) speed ratio 1.1- dry, and (b) speed 
ratio 1.1- lubricated,  80 mm width, 30 rpm, 20% reduction and no work roll cross angle and work 
roll cross angles, (a) 0, (b) 4 mm and (c) 8 mm- lubricated 
4.2.2.1. Effect of work roll cross angle and work roll shifting value on rolling force 
The effect of work rolls cross angle on rolling force under dry and lubricated conditions is 
shown in Fig. 4.7a. In the presence of lubricant, the rolling force dropped by 5-10 kN 
compared to the dry condition over the range of work rolls cross angles selected. In both 
cases, the rolling force also decreased with increasing work roll cross angle, with a 
significant decrease by about 10 kN in the case of lubricated conditions with increasing 
work rolls cross angle from 0 to 1°. This may be as a result of decreasing the contact area 
between the work roll and the backup roll, which ultimately reduces the rolling pressure, 
therefore providing a low resistance to the transverse flow of metal. The rolling force 
decreased by about 10 kN under lubricated condition with increasing work roll cross angle.  
 
The effect of work roll shifting value on rolling force under dry and lubricated conditions is 
shown in Fig. 4.7b [99]. The rolling force decreased by only about 5 kN with increasing 
work roll shifting value in both cases, compared to 10 kN in the case of increasing work 
roll cross angle. However, application of lubricant shows a similar affect in decreasing the 
rolling force as observed in case of increasing work roll cross angle (Fig. 4.7a). The rolling 
force dropped by an average of 5-10 kN over the range of work roll shifting value selected. 
This indicates that lubrication aids in reducing the required rolling force by reducing the 
friction between the sample and the work rolls. However, the effect of work roll shifting 
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value is not as significant as work roll cross angle in reducing the required rolling force, 
with other rolling parameters being same. 
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Figure 4.7 Effect of 1st pass (a) work rolls cross angle, and (b) work roll shifting value on rolling 
force at speed ratio 1.1 dry vs. lubricated 
 
Results indicate that increasing work roll cross angle and work roll shifting value improve 
the strip profile, reduces the strip thickness, strip crown, edge drop and rolling force under 
asymmetric rolling conditions, however, the effect is more pronounced with work roll cross 
angle than work roll shifting value. Furthermore, there is no significant change in 
microstructure that can be achieved by optimizing any of these parameters. Addition of 
lubricant with an optimum work roll cross angle can significantly reduce the friction 
between the rolled metal and the work roll, thereby, reducing the required rolling force. 
4.2.3. Combined effect of work roll cross angle and work roll shifting value 
The cumulative effect of work rolls cross angle and work roll shifting under dry and 
lubricated conditionsat a speed ratio of 1.1 is shown in Figs. 4.8a and 4.8b [99], 
respectively. In both cases, the strip profile improves significantly at maximum work roll 
cross angle and work roll shifting value. The strip profile appears to significantly improve 
with work rolls cross angle at a maximum work roll shifting of 8 mm. This indicates that a 
high work roll cross angle combined with a high work roll shifting value gives the most 
improved strip profile for a given set of rolling parameters. However, there is no apparent 
change in microstructure observed under dry and lubricated conditions with increasing 
work roll cross angle and maximum roll shifting value (Fig. 4.9). 
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Figure 4.8 Combined effect of 1st pass work roll cross angle and work roll shifting value on strip 
profile at (a) speed ratio of 1.1- dry, and (b) speed ratio of 1.1- lubricated 
 
Figure 4.9 Surface microstructure of 1st pass rolled strip for (a) speed ratio 1.1- dry, and (b) speed 
ratio 1.1- lubricated, 80 mm width, 30 rpm, 20% reduction and 8 mm work roll shifting and work 
roll cross angles, (a) 0, (b) 0.5° and (c) 1° - lubricated 
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The effects of work roll cross angle and roll shifting valueon rolling force at 1.1 speed ratio 
under dry condition are shown in Fig. 4.10a. It can be seen that an increase in work rolls 
cross angle is effective in reducing the required rolling force under these conditions. This is 
also true for work roll shifting under the same conditions. The uniform roll gap distribution 
achieved by increasing work rolls cross angle provides minimum resistance to the 
transverse flow of the metal, and  the uniform distribution of rolling force achieved by 
higher work roll shifting value are both responsible for reducing the pressure on the rolls. 
A similar result is obtained under lubricated conditions (Fig. 4.10b). Increase in work rolls 
cross angle or work roll shifting produces the same effect of decrease in rolling force. 
However, the rolling force experienced by the strip is typically smaller in lubricated 
conditions when compared to dry condition, which is attributed to lower friction between 
the strip and the rolls due to the presence of lubricant, therefore, reducing the required 
rolling force. 
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Figure 4.10 Effect on 1st pass of combined WRC angle and WRS on rolling force, (a) dry, and (b) 
lubricated 
4.2.4. Effect of strip width on strip shape, profile and microstructure 
Figs. 4.11a and 4.11b show the effect of strip width on strip profile with an increase of 
work roll cross angle with 4 mm work rolls shifting value under dry condition and speed 
ratio 1.1 at widths of 80 and 100 mm, respectively. For the given strip width, the strip 
profile tends to improve with an increase of work roll cross angle, however, the effect is 
insignificant. When the work roll cross angle increases, the rolling force is distributed 
uniformly throughout the contact area, thus improving the strip profile. There is no 
significant improvement in strip profile that can be attributed to strip width.  However, in 
the presence of lubricant, the strip profile improved significantly and strip thickness 
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reduced with increasing work roll cross angle regardless of the strip width (Figs. 4.11c and 
4.11d) [99]. The microstructure obtained for strip widths of 80 and 100 mm under dry 
condition are shown inFigs. 4.12a and 4.12b. There is no apparent difference in 
microstructure (grain size and distribution) that can be associated with change in the strip 
width. Even in the presence of lubricant, there is no change in microstructure (Figs. 4.13a 
and 4.13b). 
 
Under dry conditions, the required rollling force is significantly higher for 100 mm width 
strip than 80 mm. This is very well demonstrated in Fig. 4.14a. Therefore, the increase of 
strip width does not significantly improve the strip profile, however, it increases the 
required rolling force significantly.  In the presence of lubricant, a lower rolling force was 
observed for a given width. Moreover,  increase in width from 80 to 100 mm increased the 
required rolling force by about 20 kN (Fig. 4.14b) [99], similar to that observed under dry 
conditions. 
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Figure 4.11 1st pass strip profile for (a) 80 mm, and (b) 100 mm, widths at speed ratio of 1.1- dry, 
and (c) 80 mm, and (d) 100 mm, widths at speed ratio of 1.1- lubricated 
114 
 
 
Figure 4.12 Surface microstructure of 1st pass rolled strip for speed ratio 1.1, (a) 80 mm, and (b) 
100 mm widths, 30 rpm,30% reduction and 0° work roll shifting and (a) 0, (b) 0.5° and (c) 1° work 
roll cross angles- dry 
 
Figure 4.13 Surface microstructure of 1st pass rolled strip for speed ratio 1.1,(a) 80 mm, and (b) 100 
mm widths, 30 rpm, 30% reduction, 0 work roll shifting, and (a) 0, (b) 0.5° and (c) 1° work roll 
cross angles- lubricated 
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Figure 4.14 Effect of width on 1st pass rolling force at (a) speed ratio of 1.1- dry, and (b) speed 
ratio of 1.1- lubricated 
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4.2.5. Effect of rolling speed on strip shape, profile and microstructure 
Figs. 4.15a and 4.15b show the strip profiles obtained at 1.1 speed ratio under dry 
conditions using various work roll cross angles and no work roll shifting at roll speeds of 
20 rpm (0.0659 m/s) and 30 rpm (0.0986 m/s). At 0.0659 m/s, the strip profile tends to 
improve with an increase of work roll cross angle from 0 to 1°. Similarly, at 0.0986 m/s, the 
strip profile improved, however, only slightly better than that at 0.0659 m/s with an 
increase of work roll cross angle. In the presence of lubricant, there is a slight improvement 
in the strip profile with increasing work roll cross angle at a rolling speed of 0.0659 m/s 
(Fig. 4.15c) [99]. At 0.0986 m/s, the improvement in strip profile is slightly better than that 
with rolling speed of 0.0659 m/s, however, there is a significant reduction in strip thickness 
(Fig. 4.15d) [99]. This indicates that an increase in rolling speed is effective in improving 
the strip profile under the same rolling conditions. 
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Figure 4.15 1st pass strip profile at rolling speed of (a) 20 rpm, and (b) 30 rpm at speed ratio 1.1- 
dry, and (c) 20 rpm, and (d) 30 rpm at speed ratio 1.1- lubricated 
 
The resulting microstructure under dry conditions is shown in Figs. 4.16a and 4.16b. A 
change in rolling speed does not seem to affect the microstructure of the rolled strip. The 
maximum grain size is estimated to be 20 µm in all cases. There is also no change in 
microstructure at any rolling speed under lubrication (Figs. 4.17a and 4.17b). 
 
Fig. 4.18a shows the effect of work roll cross angle on the rolling force at different rolling 
speeds at a specified work roll shifting value of 4 mm under dry conditions. With an 
increase of work roll cross angle, the rolling force essentially decreases, showing the same 
trend at 0.0659 and 0.0986 m/s rolling speeds. Under lubricated conditions (Fig. 4.18b) 
[99], a lower rolling rolling force was observed for the same set of rolling parameters. 
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However, with increasing work roll cross angle, there was no significant decrease in rolling 
force, regardless of the rolling speed. 
 
Figure 4.16 Surface microstructure of 1st pass rolled strip for speed ratio 1.1, 80 mm width,  (a) 20 
rpm, and (b) 30 rpm, 30% reduction and 0° work roll cross angle and (a) 0, (b) 4 mm and (c) 8 mm 
work roll shifting- dry 
 
Figure 4.17 Surface microstructure of 1st pass rolled strip for speed ratio 1.1, 80 mm width, (a) 20 
rpm, and (b) 30 rpm, 30% reduction and 0 work roll cross angle and (a) 0, (b) 4 mm and (c) 8 mm 
work roll shifting- lubricated 
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Figure 4.18 Effect of 1st pass rolling speed on rolling force at (a) speed ratio1.1- dry, and (b) speed 
ratio 1.1- lubricated 
4.2.6. Effect of reduction on strip shape, profile and microstructure 
Figs. 4.19a and 4.19b show the effect of reduction ratio on strip profile at various work roll 
cross angles with 8 mm work roll shifting valueat a 1.1 speed ratio under dry conditions. 
There is a slight improvement of strip profile with an increase of reduction ratio from 20 to 
30%. The higher rolling force required due to increase the reduction ratio may provide 
better flow of material within the roll gap and a uniform distribution is ensured. In the 
presence of lubricant, an identical (with only slight improvement at 30% reduction) strip 
profile is obtained at 20 and 30% reduction ratio with increasing work roll cross angle 
(Figs. 4.19c and 4.19d) [99] respectively. However, 30% reduction ratio results in higher 
thickness reduction with increasing work roll cross angle for the same set of rolling 
parameters. However, targetting a higher reduction ratio will have inevitable effects on 
theother physical parameters of the process. The resulting microstructures of grain size and 
distribution at different reductions have little or no changes under dry (Fig. 4.20) and 
lubricated (Fig. 4.21) irrespective of the reduction ratio. 
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Figure 4.19 1st pass strip profile at (a) 20%, and (b) 30% reduction at speed ratio 1.1- dry, and (c) 
20%, and (d) 30% reduction, at speed ratio 1.1- lubricated 
 
Figure 4.20 Surface microstructure of dry, 1st pass rolled strip for speed ratio 1.1, 80 mm width, 20 
rpm, (a) 20%, and (b) 30% reduction, and 8 mm work roll shifting and (a) 0, (b) 0.5° and (c) 1° 
work roll cross angles 
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Figure 4.21 Surface microstructure of lubricated 1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 20 rpm, (a) 20%, and (b) 30% reduction, and 8 mm work roll shifting and (a) 0, (b) 0.5° and 
(c) 1° work roll cross angles 
4.3. Effect of WRCA and WRS on strip hardness 
Figs. 4.22a and 4.22b show the effect of work roll cross angle and work roll shifting value 
on hardness of the exit strip for 20 and 30% reduction ratios, respectively at 1.1 speed ratio 
under dry conditions. The hardness tends to decrease with increase in work roll cross angle 
as well as work roll shifting value, irrespective of the reduction ratio. However, the 
decrease in hardness is more prominent at 20% reduction ratio compared to 30%. As 
observed from Fig. 4.7, an increase in work roll cross angle or work roll shifting value 
causes a significant reduction in required rolling force, resulting in less plastic deformation. 
Therefore, the hardness of the exit strip drops after the first pass. In the presence of 
lubricant, the strip hardness was found to be higher for a 30% reduction ratio than a 20% 
reduction (Figs. 4.22c and 4.22d) [99]. This is because a higher reduction requires higher 
pressure on the work rolls, which essentially increases the plastic deformation of the metal 
during the rolling process. With the increase in plastic deformation of the material, the 
dislocation density increases, resulting in higher hardness. The hardness decreased with 
increasing work roll cross angle at both reductions, which is essentially due to the fact that 
higher work roll cross angle provides more uniform roll gap distribution, therefore, 
reducing the rolling pressure, giving less resistance to metal flow. In the presence of 
lubricant, the friction between the rolled metal and the work rolls is significantly reduced 
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thereby, reducing the required rolling force, therefore there is less plastic deformation, 
resulting in lower strip hardness, as compared to that obtained under dry conditions. 
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Figure 4.22 Lubricated 1st pass strip hardness at (a) 20% reduction, and (b) 30% reduction at 
1.1speed ratio- dry and, (c) 20% reduction, and (d) 30% reduction at 1.1speed ratio 
4.4. Effect of rolling parameters on strip shape and profile (2nd pass) 
In this section, the results obtained from the second (2nd) pass rolling are presented and 
discussed. The effects of various rolling parameters on strip shape and profile, rolling force 
and microstructure under dry and lubricated conditions have been discussed here. 
4.4.1. Effect of WRCA on strip shape, profile, rolling force and microstructure 
In the 2nd pass, the exit strip profile at a speed ratio of 1.1under dry and lubricated 
conditions improved with increasing work roll cross angle and a slightly decreased with 
increasing workpiece thickness (Figs. 4.23a and 4.23b) [99]. The main purpose of 
increasing the work roll cross angle is to provide uniform roll gap distribution, therefore, 
less resistance to metal flow and thus improved strip profile. However, no change is 
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observed in microstructure with increasing work roll cross angle in both conditions (Figs. 
4.24a and 4.24b). 
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Figure 4.23 Effect of work roll cross angle on strip profile for 2nd and 3rd passes at speed ratio 
1.1(a) dry, and (b) lubricated 
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Figure 4.24 Surface microstructure of rolled strip for speed ratio 1.1 (a) dry, and (b) lubricated, 80 
mm width, 30 rpm, 20% reduction and no work roll shifting and work roll cross angles: (a) 0, (b) 
0.5° and (c) 1° 
 
The exit strip profile and strip thickness at the 2nd pass at a speed ratio of 1.1 under dry and 
lubricated conditions (Figs. 4.25a and 4.25b) [99] improved with increasing work roll 
shifting value but not as significant as that for changing work roll cross angle. Work roll 
shifting only provides uniform distribution of rolling pressure which decreases the required 
rolling force and thus has a little effect on strip profile. Additionally, the work roll shifting 
value has no effect on microstructure at any speed ratio (Figs. 4.26a and 4.26b). 
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Figure 4.25 Effect of work roll shifting value on strip profile for the 2nd and 3rd passes at speed 
ratio 1.1(a) dry, and (b) lubricated 
 
Figure 4.26 Surface microstructure of rolled strip for the2nd pass at speed ratio 1.1 (a) dry, and (b) 
lubricated, 80 mm width, 30 rpm, 20% reduction and no work roll cross angle and work roll shifting 
values: (a) 0, (b) 4 mm and (c) 8 mm- lubricated 
 
The rolling force at 1.1 speed ratio under dry condition decreased with increasing work roll 
cross angle and work roll shifting, however, the decrease is more significant in case of 
work roll cross angle (Fig. 4.27a). The rolling force dropped by about 15 kN in lubricated 
condition (Fig. 4.27b) [99]. Additionally, with increasing work roll cross angle and work 
roll shifting, a further reduction in rolling force was observed, however, the increase is 
more significant in the case of work roll cross angle. 
126 
 
0.00 0.25 0.50 0.75 1.00
154
156
158
160
162
164
166
168
170
84
 
0.0
Work roll shifting value(mm)
(a)
1.1- no WRS- 30% reduc.- 80mm width- 20rpm- Dry- 2nd 
1.1- no WRC- 30% reduc.- 80mm width- 20rpm- Dry- 2nd 
R
o
lli
n
g
 F
o
rc
e
 (
K
N
)
Work roll cross angle (°)
0.00 0.25 0.50 0.75 1.00
138
140
142
144
146
148
150
152
154
 
840.0
Work roll shifting value(mm)
(b)
1.1- no WRS- 30% reduc.- 80mm width- 20rpm- Lubri.- 2nd 
1.1- 0° WRC- 30% reduc.- 80mm width- 20rpm- Lubri.- 2nd 
R
o
lli
n
g
 F
o
rc
e
 (
K
N
)
Work roll cross angle (°)
 
Figure 4.27 Effect of WRC and WRS on rolling force for the 2nd pass at 1.1 speed ratio (a) dry, and 
(b) lubricated 
4.4.2. Effect of work roll cross angle and word roll shifting value on strip hardness 
The hardness of the exit strip after the 2nd pass at speed ratio 1.1 under dry and lubricated  
conditions decreased with increasing work roll shifting value as well as increasing work 
roll cross angle (Figs. 4.28a and 4.28b). However, under lubricated conditions, the strip 
hardness is much less than under a dry condition, due to lower friction which requires less 
rolling force, therefore resulting in less plastic deformation, so that the material does not 
achieve increased hardness associated with local plastic deformation. 
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Figure 4.28 (a) Strip hardness at 1.1 speed ratio and 20% reduction on the 2nd
 
pass (a) dry, and (b) 
lubricated 
4.5. Effect of different rolling parameters on strip shape and profile (3rd pass) 
In this section, the results obtained from 3rd pass rolling are presented and discussed. The 
effects of various rolling parameters on the strip shape and profile, rolling force and 
microstructure under dry and lubricated conditions are discussed here. 
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4.5.1. Effect of WRCA on strip shape and profile, rolling force and microstructure 
For the 3rd pass, the exit strip profile at speed ratio of 1.1under dry and lubricated 
conditions was found to improve with a slight decrease in thickness as the work roll cross 
angle increased (Figs. 23a and 23b). For a given set of rolling parameters, the strip profile 
does not seem to change a lot with lubrication. There was also no change observed in 
microstructure under dry or lubricated conditions (Figs. 29a and 29b). 
 
Figure 4.29 Surface microstructure of the 3rd pass rolled strip for speed ratio 1.1 and 20% reduction 
with no work roll shifting (a) dry, and (b) lubricated, 80 mm width, 30 rpm, and work roll cross 
angles, (a) 0°, (b) 0.5° and (c) 1° 
 
The exit strip profile and strip thickness after the 3rd pass at a speed ratio of 1.1 under dry 
and lubricated conditions (Figs. 4.25a and 4.25b) improved with increasing work roll 
shifting value but not as significant as when varying the work roll cross angle. Work roll 
shifting only provides uniform distribution of rolling pressure which decreases the required 
rolling force and thus has a little effect on strip profile. Additionally, work roll shifting 
value had no effect on microstructure at any speed ratio (Fig. 4.30). 
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Figure 4.30 Surface microstructure of the 3rd pass rolled strip for speed ratio 1.1 and 20% reduction 
with no work roll cross angle (a) dry, and (b) lubricated, 80 mm width, 30 rpm and work roll 
shifting values: (a) 0, (b) 4 mm and (c) 8 mm 
 
Under dry conditions, a rolling force of 173 kN was required for 20% thickness reduction 
with no work roll shifting and no work roll cross angle. The rolling force decreased with 
increasing work roll cross angle and work roll shifting value during the 3rd pass as shown 
in Fig. 4.31a. In the presence of lubrication, the required rolling force dropped to ~163 kN 
under no work roll cross angle and no work roll shifting conditions. The rolling force 
decreased by about 16 kN with increasing work roll cross angle and no work roll shifting 
under lubrication. However, it dropped only by 8 kN with increasing work roll shifting 
value and no work roll cross angle (Fig. 4.31b) [99]. 
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Figure 4.31 Effect of the 3rd pass work roll cross angle and work roll shifting on rolling force at 
speed ratio 1.1 (a) dry, and (b) lubricated 
  
129 
 
4.5.2. Effect of work roll cross angle and word roll shifting value on strip hardness 
The exit strip hardness decreased with increasing work roll cross angles at a 1.1 speed ratio 
under dry and lubricated conditions as shown in Figs. 4.32a and 4.32b. However, as can be 
seen in Fig. 4.32b the strip hardness decreased more compared to Fig. 4.32a. As work roll 
shifting value increased from 0 to 8 mm, the contact area between the top and lower work 
rolls reduced which results in less rolling force and pressure, hence, the hardness of the 
strip will be reduced. Lubricant reduces the friction between the contacting surfaces; 
thereby reduce the required force, resulting in less plastic deformation which makes the 
strip less hard. Additionally, increasing work roll cross angle also reduces the resistance to 
metal flow, resulting in less plastic deformation, as a result, reducing hardness. 
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Figure 4.32 The 3rd pass strip hardness at speed ratio 1.1 and 20% reduction, (a) dry and (b) 
lubricated 
 
4. 6 Summary 
Cold rolling of low carbon steel was carried out under dry and lubricated conditions at a 
speed ratio of 1.1 to investigate the effect of rolling parameters such as work roll cross 
angle, work roll shifting value, rolling speed, strip width and reduction ratio under 
asymmetrical rolling conditions. The followings are the conclusions of this study: 
 Increasing work roll cross angle and work roll shifting improves the strip profile 
and strip crown with corresponding reduction in strip thickness in dry as well as 
lubricated conditions. However, the effect of work roll cross angle is more 
significant. It was also found that there is no significant change in microstructure in 
any condition. A combination of the maximum work cross angle and shifting value 
further improves the strip profile and thickness distribution.  
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 The rolling force decreases with increasing work roll cross angle and work roll 
shifting value. Moreover, addition of lubricant also serves to reduce the friction, 
thereby further reducing the required rolling force compared to the rolling process 
in dry condition. 
 There is no significant improvement in strip profile that can be attributed to strip 
width under dry conditions.  However, in the presence of lubricant, the strip profile 
improved significantly and strip thickness reduced with the increase of work roll 
cross angle regardless of the strip width. Under dry condition, the required rolling 
force during dry condition is significantly higher for 100 mm width strip than that 
of 80 mm width strip, however, under lubrication, a lower rolling force was 
observed for a given width. 
 An increase in rolling speed is effective in improving the strip profile under the 
same rolling conditions (dry or lubricated). There is also no change in 
microstructure at any rolling speed under lubrication condition. 
 The rolling force decreases with the increase of work roll cross angle, regardless of 
rolling speed and rolling condition (dry or lubricated). However, in lubricated 
condition, a lower rolling rolling force was observed for the same set of rolling 
parameters comparing to the rolling process without lubrication applied. 
 The strip hardness tends to decrease with the increase of the crossing angle of work 
rolls as well as work roll shifting value, irrespective of the reduction ratio. However, 
the decrease in hardness is more prominent at 20% reduction ratio compared to 
30%. In the presence of lubricant, the strip hardness was found to be higher for 30% 
reduction ratio than that of 20% reduction. This is because a higher reduction 
requires higher pressure on the work rolls, which essentially increases the plastic 
deformation of the metal during rolling process.  
 In the 2nd and 3rd passes, the effect of rolling parameters was essentially found to 
have the same effect on the strip shape, profile, microstructure and the required 
rolling force. 
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Chapter 5 
EFFECT OF ASYMMETRICAL COLD ROLLING (1.3) PARAMETERS ON STRIP 
SHAPE AND PROFILE, AND MECHANICAL PROPERTIES 
5.1. Introduction 
There is a major advantage in reduction of rolling force so that very large strains can be 
imparted into the material for producing ultra-fine grain structures, texture modification and 
production of high strength materials. Asymmetrical rolling produces strains with strong 
shear components both at the surfaces and at the centre of the strip [69]. Also during an 
asymmetrical rolling process, a cross shear region is often generated between the backward 
and forward slip zones [12]. Several studies have demonstrated that a cross shear region 
reduces the rolling force by up to 40% , as well as permitting considerably reduced strip 
thickness compared to the conventional rolling [13, 65]. 
 
This chapter presents the results of cold rolling of low carbon steel performed with various 
combinations of rolling parameters (including the effect of work roll cross angle, work roll 
shifting, rolling speed, strip width, and reduction ratio) under a fixed speed ratio of 1.3. The 
effects of various rolling parameters including work roll cross angle and work roll shifting 
value at a fixed speed ratio of 1.1 were presented in the previous chapter.  
 
5.2. Effect of different rolling parameters on strip shape, profile and resulting 
microstructure (1stpass) 
5.2.1. Effect of work rolls cross angle and work roll shifting on strip shape and 
profile 
1. Dry condition 
Fig. 5.1a shows the thickness profile of the exit strip at various work roll cross anglesand 
without work roll shifting. At a speed ratio of 1.3 under dry condition the strip profile is not 
very promising at 0
°
 work roll cross angle. It is also associated with a high crown value. 
However, with increasing work roll cross angle, there is a decrease in strip thickness as 
well as the strip crown. This is also accompanied with a significant improvement of strip 
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profile. As the work roll cross angle increased, it allowed for uniformity of the rolled strip 
in roll gap distribution, therefore, an improved strip profile is observed. The effect of work 
roll shifting value on the strip profile and thickness without work roll cross angle is shown 
in Fig. 5.1b. There is no conclusive effect on thickness observed with work roll shifting. At 
4 mm shifting value, the thickness was higher and at 8mm it is lower when compared to 0 
work roll shifting value. Moreover, the strip profile remained essentially the same at 0 and 
4 mm shifting values, and improved a little at 8 mm shifting value. This improvement of 
strip profile, although it is not significant, is associated with eliminating the area of contact 
between the upper and lower work rolls, which essentially reduces the pressure distribution 
between the work rolls, and hence, reduces the rolling force over the work-piece resulting 
in an improved strip profile (strip crown). 
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Figure 5.1 Effect of (a) work roll cross angle, and (b) work roll shifting value on strip profile under 
dry condition 
2. Lubricated condition 
The strip profile and strip thickness under lubricated conditions show a similar outcome 
with increasing work roll cross angle and work roll shifting value as that in dry condition 
(Figs. 5.2a and 5.2b) [99]. The strip profile improved significantly with increasing work 
roll cross angle (Fig. 5.2a) as compared to that with increasing work roll shifting value 
(Fig. 5.2b). 
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Figure 5.2 Effect of (a) work roll cross angle, and (b) work roll shifting value on strip profile under 
lubricated condition 
 
The strip profile is estimated using the metric of crown and edge drop. Under dry 
conditions, both the strip crown and strip edge decreased significantly with increasing work 
roll cross angle (Fig. 5.3a), indicating a significant improvement in strip profile. A 
relatively better trend is observed under lubricated conditions (Fig. 5.3b) [99], which is 
obviously due to lubrication reducing friction, resulting in a better strip profile. 
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Figure 5.3 Effect of work roll cross angle on 1st pass strip crown and edge drop at speed ratio 1.3, 
(a) dry, and (b) lubricated 
5.2.2 Combined effect of work roll cross angle and work roll shifting value 
The combined effect of work roll cross angle and work roll shifting value on strip profile 
and thickness of the exit strip at speed ratio 1.3 under dry and lubricated conditions is 
shown in Fig. 5.4. Under dry condition (Fig. 5.4a), the strip profile improved significantly 
at the maximum work roll cross angle and maximum work roll shifting. However, under 
lubricated condition, the strip profile is almost horizontal, indicating the positive effect of 
lubrication in reducing the friction between the surface and work rolls as can be seen in Fig. 
5.4b [99]. 
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Figure 5.4 Combined effect of 1st pass work roll cross angle and work roll shifting value on strip 
profile at speed ratio 1.3, (a) dry condition, and (b) lubricated condition 
 
5.2.3 Effect of strip width on strip profile  
The effects of the strip width on strip profile at increasing work rolls cross angle at widths 
of 80 and 100 mm under dry condition of 1.3 speed ratio are shown in Figs. 5.5a and 5.5b, 
respectively. For the given strip width, the strip profile tends to improve with an increase of 
work roll cross angle. Increasing work roll cross angle allows for more uniform distribution 
of roll gap, therefore reducing the resistance to transverse flow of metal, and hence, 
improving the strip profile. 
 
Upon lubrication, the strip profile and strip thickness both improved with increasing work 
roll cross angle (Figs. 5.5c and 5.5d) [99]. However, the resulting strip profile under 
lubrication has a far superior improvement than that under dry lubrication. This is again 
attributed to the fact that lubrication aids in the reduction of friction, therefore, resulting in 
a better strip profile. 
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Figure 5.5 The 1st pass strip profile with increasing work roll cross angle for a strip width of (a) 80 
mm, and (b) 100 mm under dry condition, (c) 80 mm, and (d) 100 mm under lubricated condition 
5.2.4. Effect of rolling speed on strip shape and profile 
The exit strip profiles obtained at various work roll cross angles and 8 mm work roll 
shifting at roll speeds of 20 rpm (0.0659 m/s) and 30 rpm (0.0986 m/s) under dry condition 
are shown in Figs. 5.6a and 5.6b respectively. At 0.0659 m/s, there is only a slight 
improvement in strip profile with increasing work roll cross angle from 0 to 1
°
, however, 
there is an observed impact on thickness reduction. Similarly, at 0.0986 m/s, the strip 
profile improved only slightly but with a marked decrease in strip thickness as shown in 
Fig. 5.6b. This indicates that the irrespective of roll speed, an increase in work roll cross 
angle yields only a slight improvement in strip profile, however, higher speed results in 
reduced thickness. 
 
Under lubricated conditions, the strip profile improved at both 20 and 30 rpm, however, it 
is more significant at 30 rpm. This is because of the combined effect of higher rolling speed 
which reduces the friction between the rolls and a greater cross shear region between the 
backward and forward slip zones due to higher speed ratio. These two factors significantly 
improve the strip profile and reduce the strip thickness (Figs. 5.6c and 5.6d) [99]. 
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Figure 5.6 1st pass strip profiles with increasing work roll cross angle at rolling speed of (a) 0.0659 
m/s, and (b) 0.0986 m/s under dry condition, (c) 0.0659 m/s, and (d) 0.0986 m/s with lubrication 
5.2.5. Effect of reduction on strip profile 
Figs. 5.7a and 5.7b show the effect of reduction ratio on strip profile at various work roll 
cross angles with 4 mm work roll shifting under dry condition. The reduction in the exit 
strip thickness with an increase of work roll cross angle appears to be significantly higher at 
higher reduction ratio. However, as is the case with work roll cross angle, there is a slight 
improvement in strip profile irrespective of reduction ratio. Increase in reduction ratio 
requires a higher rolling force which tends to reduce the thickness of the exit strip.  
 
However, under lubricated condition, the strip profile is almost flat regardless of the 
reduction ratio (Figs. 5.7c and 5.7d) [99]. Due to the large difference between the work roll 
diameters at the higher speed ratio, there is a larger roll gap distribution which further 
enhances the uniformity of roll gap distribution with increasing work roll cross angle. 
Therefore, the strip profile tends to be flattened. However, a higher reduction ratio does not 
change the other physical parameters of the process. 
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Figure 5.7 Strip profiles with increasing work roll cross angle at reduction ratio of (a) 20%, and (b) 
30% under dry condition, (c) 20%, and (d) 30% under lubricated condition, 1st pass 
 
5.3. Effect of different rolling parameters on rolling force (1st pass) 
5.3.1 Effect of work roll cross angle and work roll shifting value on rolling force 
Under dry condition, the rolling force (Fig. 5.8a) was found to be decreased by about 6 kN 
with an increase of work roll cross angle from 0 to 1
°
. From 0 to 8 mm work roll shifting, 
the rolling force decreased by 4 kN. As the work roll cross angle increases, a uniform roll 
gap distribution throughout the contact area is obtained, resulting in a low resistance to the 
transverse flow of metal. Although, increasing work roll shifting produces uniform 
distribution of rolling force, it does not significantly lower the required rolling force, as 
much as in the case of work roll cross angle. 
 
Under lubricated condition (Fig. 5.8b) [99], with increasing work roll cross angle and work 
roll shifting value, the rolling force decreased by about 20 kN. As the application of 
lubricant results in reduced friction, therefore, less resistance to flow of material, which 
combined with uniform roll gap distribution throughout the contact area due to increased 
work roll cross angle and uniform rolling pressure due to increased work roll shifting value, 
results in a significant reduction in rolling force under lubricated conditions. 
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Figure 5.8 Effect of the 1st pass work roll cross angle vs work roll shifting value on rolling force, 
(a) dry condition, and (b) lubricated condition 
 
Results also indicate that increasing work roll cross angle improves the strip profile, 
reduces the strip thickness, strip crown, edge drop and rolling force under asymmetrical 
rolling conditions. A higher speed ratio of 1.3 combined with lubricated conditions 
produced a better strip profile, reduced strip thickness, strip crown and rolling force. 
Increasing work roll shifting value slightly improves the strip profile. However, the high 
speed ratio shows significant improvement in strip profile and corresponding reduction in 
pressure on the work rolls, therefore reducing the rolling force. 
5.3.2 Effect of strip width on rolling force 
At speed ratio of 1.3  under dry condition, an increase in strip width resulted in a higher 
rolling force. However, for a the given width, the rolling force decreased slightly with 
increasing work roll cross angle (Fig. 5.9a). As the strip width increases, the net contact 
area becomes larger, which increases the rolling pressure on the work rolls, therefore, 
requiring more rolling force. 
 
At 1.3 speed ratio under lubrication, the rolling force tends to reduce with increasing work 
roll cross angle, however, an increase in width from 80 to 100 mm increased the required 
rolling force by about 20 kN (Fig. 5.9b) [99]. The difference in rolling force with strip 
width is approximately the same under the two conditions. The effect of strip width and 
increasing work roll cross angle is only more pronounced under lubricated conditions, 
which is due to the reduced friction that provides additional advantages. 
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Figure 5.9 Effects of the 1st pass work rolls cross angle and strip width on rolling forces (a) dry 
condition, and (b) lubricated condition 
5.3.3Effect of rolling speed on rolling force 
Fig. 5.10 shows the effect of rolling speed on rolling force with increasing work roll cross 
angle under dry and lubricated conditions. At a speed ratio of 1.3 under dry condition as 
can be seen in Fig. 5.10a, the rolling force decreases with an increase of work roll cross 
angle, however, more pronounced decrease is found at higher speed (~23 kN). Higher work 
roll cross angle provides a uniform roll gap distribution over the contact area, thus reducing 
the rolling pressure. This effect is more pronounced when there is a significant difference 
between the upper and lower work roll diameters resulting in a higher speed ratio, 
therefore, reducing the required rolling force. 
 
As shown in Fig. 5.10b [99], under lubricated condition, the rolling force decreased by 
about 13 kN regardless of the rolling speed. The results indicates that the effect of rolling 
speed on strip profile as a function of work roll cross angle is more pronounced under dry 
conditions. 
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Figure 5.10 Effect of the 1st pass work roll cross angle and rolling speed on rolling force, (a) dry 
condition, and (b) lubricated condition 
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5.4. Effect of different rolling parameters on microstructure 
5.4.1 Effect of WRCA and WRS on strip microstructure 
The microstructures of rolled strips at various work roll cross angles under dry condition at 
a 1.3 speed ratio are shown in Fig. 5.11a. The estimated grain size is less than 20 µm. It 
appears that the work roll cross angle has no observable effect on the microstructure in 
terms of grain size of the rolled strip. Moreover, there is also no noticeable effect of work 
roll shifting on microstructure. An estimated grain size of 20 µm obtained at 0 shifting 
value is similar to the grain size obtained at 8 mm as seen in Fig. 5.11b. 
 
Figure 5.11 Surface microstructures of dry, the 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction (a) effect of work roll cross angle “no WRS”, and (b) effect of work 
roll shifting value ”0° WRC” 
A very similar result is observed under lubricated conditions. A mean grain size of ~20 µm 
is observed with no appreciable change in grain size or grain refinement that can be 
associated with increasing work roll cross angle as shown in Fig. 5.12a. Increasing work 
roll shifting value also did not improve the microstructure as shown in Fig. 5.12b. 
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Figure 5.12 Surface microstructures of lubricated, the 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction (a) effect of work roll cross angle “no WRS”, and (b) effect of 
work roll shifting value ”0 WRC” 
5.4.2 Effect of combined WRCA and WRS on strip microstructure 
The combined effect of work roll cross angle and work roll shifting value under both dry 
and lubricated conditions and a 1.3 speed ratio is shown in Fig. 5.13. There is no change in 
microstructure that can be associated with the maximum work roll cross angle and work 
roll shifting value in either dry or lubricated conditions, with a mean grain size of only 
~20µm. 
 
Figure 5.13 The 1st pass surface microstructures of rolled strip for speed ratio 1.3, 80 mm width, 30 
rpm, 20% reduction and 8 mm work roll shifting and work roll cross angles, (a) 0, (b) 0.5° and (c) 
1° 
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5.4.3 Effect of strip width on strip microstructure 
The effect of strip width on microstructure under dry and lubricated conditions at a 1.3 
speed ratio is shown in Figs. 5.14 and 5.15, respectively. Regardless of the lubrication 
condition, there is no change in microstructure associated with strip width in combination 
with increasing work roll cross angle, with a mean grain size of only ~20 µm observed in 
all cases.  
 
Figure 5.14 Surface microstructure of dry, the 1st pass rolled strip for speed ratio 1.3, (a) 80 mm, 
and (b) 100 mm widths, 30 rpm,30% reduction and 0 work roll shifting, and (a) 0, (b) 0.5° and (c) 
1° work roll cross angles 
 
Figure 5.15 Surface microstructure of lubricated, the 1st pass rolled strip for speed ratio 1.3, (a) 80 
mm, and (b) 100 mm widths, 30 rpm, 30% reduction and 0° work roll shifting, and (a) 0°, (b) 0.5° 
and (c) 1° work roll cross angles 
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5.4.4 Effect of rolling speed on strip microstructure 
The effects of rolling speed on microstructure under dry and lubricated conditions at 1.3 
speed ratio are shown in Figs. 5.16 and 5.17, respectively. Regardless of the lubrication 
condition, there is no change in microstructure associated with rolling speed in combination 
with increasing work roll shifting value. 
 
Figure 5.16 Surface microstructure of dry, the 1st pass rolled strip for speed ratio 1.3, 80 mm width, 
(a) 20 rpm, and (b) 30 rpm, 30% reduction and 0 work roll cross angle, and (a) 0, (b) 4 mm and (c) 
8 mm work roll shifting 
 
Figure 5.17 Surface microstructure of lubricated, the 1st pass rolled strip for speed ratio 1.3, 80 mm 
width,  (a) 20 rpm, and (b) 30 rpm, 30% reduction and 0 work roll cross angle, and (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting 
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5.4.5 Effect of reduction on strip microstructure 
The effect of reduction ratio on microstructure under dry and lubricated conditions at a 1.3 
speed ratio is shown in Figs. 5.18 and 5.19, respectively. Regardless of the lubrication 
condition, there is no change in microstructure associated with changed target reduction 
ratios in combination with increasing work roll cross angle. 
 
Figure 5.18 Surface microstructure of dry, the 1st pass rolled strip for speed ratio 1.3, 80 mm width, 
20 rpm, (a) 20%, and (b) 30% reductions, and no work roll shifting, and (a) 0, (b) 0.5° and (c) 1° 
work roll cross angles 
 
Figure 5.19 Surface microstructure of lubricated, the 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 20 rpm, (a) 20%, and (b) 30% reductions, and no work roll shifting and (a) 0, (b) 0.5° and (c) 
1° work roll cross angles 
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5.5. Effect of work roll cross angle and work roll shifting on strip hardness 
5.5.1 Dry condition 
Figs. 5.20a and 5.20b show the effect of work roll cross angle and work roll shifting value 
on the hardness of the exit strip under dry conditions. It appears from the hardness 
measurements that an increase in either work roll cross angle or work roll shifting value 
makes the material ductile. However, the decrease in hardness is more prominent with work 
roll shifting than with changed work roll crossing angle [101]. The decrease in hardness is 
essentially due to decrease in required rolling force with increasing work roll cross angle 
and work roll shifting value. This reduction in rolling force does not allow the material 
(thin strip) to deform extensively. 
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Figure 5.20 Effect of (a) work roll cross angle, and (b) work roll shifting value on strip hardness 
5.5.1 Lubricated condition 
Fig. 5.21a [99] and 5.21b show the effect of work roll cross angle and work roll shifting 
value on hardness of the exit strip under lubricated condition. As was observed under 
lubricated condition, it appears from the hardness measurements that an increase in either 
work roll cross angle or work roll shifting value achieves a change based on the material’s 
ductility. However, the decrease in hardness is more prominent with work roll shifting than 
that with work roll crossing. The decrease in hardness is essentially due to decrease in 
required rolling force with increasing work roll cross angle and work roll shifting value. 
This reduction in rolling force does not allow the material (thin strip) to deform 
expansively. 
146 
 
0.0 0.5 1.0
178
180
182
184
186
188
190
(a)
H
a
rd
n
e
s
s
 v
a
lu
e
 (
V
H
)
Work roll cross angle (°)
1.3 - 0mm WRS- 30% reduc.- 80mm width-  30rpm-  Lubri.- 1st
1.3 - 4mm WRS- 30% reduc.- 80mm width-  30rpm-  Lubri.- 1st
1.3 - 8mm WRS- 30% reduc.- 80mm width-  30rpm-  Lubri.- 1st
0 2 4 6 8
178
180
182
184
186
188
190
(a)
H
a
rd
n
e
s
s
 v
a
lu
e
 (
V
H
)
Work roll shifting (mm)
1.3- 0° WRC-30% reduc.-80mm width-30rpm-Lubri.-1st
1.3- 0.5° WRC-30% reduc.-80mm width-30rpm-Lubri.-1st
1.3- 1° WRC-30% reduc.-80mm width-30rpm-Lubri.-1st  
Figure 5.21 Effect of (a) work roll cross angle, and (b) work roll shifting value on strip hardness 
5.6. Effect of WRCA and WRS on strip shape and profile, and the rolling force 
(2nd pass) 
5.6.1. Effect of WRCA on strip shape 
As for the 2nd pass under dry conditions, the exit strip profile at a speed ratio of 1.3 
improved with increasing work roll cross angle and a slight decrease in thickness as shown 
in Fig. 5.22a. Similarly, for the 3rd pass, the exit strip profile also improved with increasing 
work roll cross angle and with a slight decrease in thickness (Fig. 5.22a). The main purpose 
of increasing work roll cross angle is to provide uniform roll gap distribution, therefore, 
less resistance to metal flow, as a result, improved strip profile. A higher speed ratio 
ensures a greater roll gap distribution due to increased difference in top and bottom roll 
diameters, therefore, further improving the strip profile and reducing the strip thickness.  
 
A very similar trend is observed for the 2nd and 3rd passes under lubricated conditions as 
shown in Fig. 5.22b [99]. 
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Figure 5.22 Effects of the 2nd and 3rd passes work roll cross angle on strip profile at speed ratio 1.3 
under (a) dry condition, and (b) lubricated condition 
5.6.2. Effect of WRS on strip shape 
The exit strip profile and strip thickness at the 2nd and 3rd passes at a speed ratio of 1.3 
under dry and lubricated conditions are shown in Figs. 5.23a and 5.23.b [99]. The strip 
profile shows a similar improvement under the 2nd and 3rd passes in both conditions, 
however, the relative improvement in the strip profile is not as significant with changing 
the work roll cross angle. Work roll shifting only provides uniform distribution of rolling 
pressure which decreases the required rolling force, and thus has a little effect on the strip 
profile. 
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Figure 5.23 Effects of the 2nd and 3rd passes work roll shifting value on strip profile at speed ratio 
1.3 under (a) dry condition, and (b) lubricated condition 
5.6.3 Effect of WRC and WRS on rolling force (2nd and 3rd passes) 
Figs. 5.24a and 5.24b show the effects of work roll cross angle and work roll shifting value 
on rolling force during the 2nd pass at a 1.3 speed ratio under dry and lubricated conditions. 
In dry conditions, a rolling force of ~163 kN is required without work roll cross angle and 
work roll shifting conditions. The rolling force decreased by about 16 kN with increasing 
work roll cross angle and without work roll shifting. However, it dropped only by 8 kN 
with increasing work roll shifting value and without work roll cross angle change (Fig. 
5.26a). However, under lubricated condition, the corresponding rolling force without work 
roll cross angle and work roll shifting is only 143 kN (Fig. 5.24b) [99] and does not change 
significantly with increasing either the work roll cross angle or work roll shifting.  
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As for the 3rd pass, a very similar trend is observed as shown in Figs. 5.24c and 5.24d [99] 
in both conditions. Under dry condition, the rolling force decreases by about 8 and 5 kN for 
WRC and WRS conditions respectively, but it remains more similar during lubrication, 
although the required rolling force in lubricated condition is significantly lower than the 
required rolling force in dry condition. 
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Figure 5.24 Effects of the 2nd and 3rd passes work roll cross angle and work roll shifting on rolling 
force at speed ratio 1.3, (a) dry, and (b) lubricated conditions, the 2nd pass, and (c) dry, and (d) 
lubricated conditions, the 3rd pass 
5.6.4 Effect of work roll cross angle and word roll shifting value on strip 
hardness (2nd and 3rd passes) 
The effects of work roll cross angle work roll shifting value on strip hardness during the 
2nd pass under dry and lubricated condition are shown in Figs. 5.25a and 5.25b. Under the 
lubrication condition, the hardness of the material tends to decrease with increasing work 
roll cross angle, however, observable changes are more pronounced under dry conditions.  
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For the 3rd pass (Figs. 5.25c and 5.25d), the trends are not significant comparing to that of 
the 2nd pass. With increasing work roll cross angle, the hardness of the material decreases 
with more pronounced results obtained under dry condition. 
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Figure 5.25 Effects of the 2nd and 3rd passes work roll cross angle on strip hardness, (a) dry, and 
(b) lubricated conditions, the2nd pass, and (c) dry, and (d) lubricated conditions, the 3rd pass 
5.7. Effect of WRCA and WRS on strip microstructure (2nd and 3rd pass) 
The microstructures obtained during the 2nd pass with increasing work roll cross angle at 
1.3 speed ratio under dry and lubricated conditions are shown in Figs. 5.26 and 5.27 
respectively. It appears that the microstructure did not change regardless of the lubricated 
condition with any combination of work roll cross angle and work roll shifting. The amount 
of cold working resulting in the 1st, 2nd or 3rd passes is not significant enough to deliver a 
smaller grain size.  
Figs. 5.28 and 5.29 respectively show the microstructure obtained during the 3rd pass with 
increasing work roll cross angle at a 1.3 speed ratio under dry and lubricated conditions. As 
observed during the 2nd pass, the microstructure did not change regardless of the lubricated 
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condition with any combination of work roll cross angle and work roll shifting. The amount 
of cold working resulting in the 1st, 2nd or 3rd passes are not significant enough to deliver 
a smaller grain size.  
 
Figure 5.26 Surface microstructures of dry, the 2nd pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction (a) effect of work roll cross angle “no WRS”, and (b) effect of work 
roll shifting value ”0 WRC” 
 
 
Figure 5.27 Surface microstructures of lubricated, the 2nd pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction, (a) effect of work roll cross angle “no WRS”, and (b) effect of 
work roll shifting value ”0 WRC” 
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Figure 5.28 Surface microstructures of dry the 3rd pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction, (a) effect of work roll cross angle “no WRS”, and (b) effect of work 
roll shifting value ”0 WRC” 
 
Figure 5.29 Surface microstructures of lubricated, the 3rd pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction, (a) effect of work roll cross angle “no WRS”, and (b) effect of 
work roll shifting value ”0 WRC” 
 
5.8 Summary 
Cold rolling of low carbon steel was carried out under dry and lubricated conditions at 
roller speed ratio 1.3 to investigate the effect of rolling parameters such as the work roll 
cross angle, work roll shifting value, rolling speed, strip width and reduction ratio under 
asymmetrical rolling conditions. Following are the conclusions of this study: 
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 Increasing work roll cross angle and work roll shifting improves the strip profile, 
and strip crown with corresponding reduction in strip thickness. The required 
rolling force decreases with an increase of work roll cross angle. A combination of 
the maximum work cross angle and shifting value further improves the strip profile. 
However, at lubricated condition under the same conditions of rolling, the strip 
profile is almost flat. The difference between the top and bottom work rolls 
increases the cross shear region between the forward and backward slip zones which 
results in significant reduction in rolling force.  
 The effect of rolling speed was not significant in terms of strip profile under dry 
conditions. However, in the case of lubrication, there was a significant improvement 
in strip profile. This is because of the combined effect of higher rolling speed which 
reduces the friction between the rolls and a greater cross shear region between the 
backward and forward slip zones due to higher speed ratio. 
 An increase in strip width from 80 to 100 mm increased the required rolling force. 
As the strip width increases, the net contact area becomes larger, which increases 
the rolling pressure on the work rolls, and therefore requires more rolling force. The 
strip experiences a higher rolling force under dry rolling regardless of the strip 
width and work roll cross angle. Better strip profile is produced under a lubricated 
condition regardless of reduction ratio. 
 The hardness decreases with increasing work roll cross angle regarding other rolling 
conditions because of more uniform roll gap distribution, therefore reducing the 
rolling pressure, thus encountering less resistance to metal flow. Even under 
lubricated conditions, the strip hardness was found to be higher and decreased with 
increasing work roll cross angle. 
 There was no noticeable change in microstructure with increasing work roll cross 
angle for both dry and lubricated rolling conditions. 
 Lubrication in combination with optimum rolling parameters such as high work roll 
cross angle, high work roll shifting results in a highly improved strip profile and a 
low rolling force. 
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Chapter 6 
EFFECT OF ASYMMETRICAL COLD ROLLING PARAMETERS ON STRIP 
SHAPE AND PROFILE OF ALUMINUIM 
 
6.1. Introduction 
The required rolling load obviously depends on the type of material that is being rolled. 
With materials having high ductility and comparatively low ultimate tensile strength such 
as aluminium and its alloys, the deformation resistance is low compared to steels which 
have high ultimate tensile strengths [102]. When the sheet rolling process is modelled as a 
plane-strain process, material properties such as ultimate tensile strength are key 
considerations. 
 
This chapter presents the results of cold rolling of aluminum performed at various 
combinations of rolling parameters and a fixed speed ratio of 1.3 under dry and lubricated 
conditions. Details of testing equipment and rolling parameters used to perform rolling 
have already been discussed in the previous chapters. The effect of work roll cross angle, 
work roll shifting, rolling speed, strip width and reduction ratio are presented here. 
Additionally, the effects of multiple passes on stirp shape and profile have also been 
investigated. 
6.2. Strip shape control – 1st pass 
Fig. 6.1 shows the rolled aluminium strips at various work rolls cross angles for 80 mm and 
100 mm strip width at a speed ratio of 1.3, with no work roll shifting, 30 rpm rolling speed, 
and targeting 20% reduction under dry and lubricated conditions. As can be seen, at 0 work 
roll cross angle, no significant change of strip shape is observed. However, at 0.5
°
 WRC 
angle, the strip profile improved in terms of flatness in both cases of 80 mm and 100 mm 
widths. At 1° WRC angle, a superior flatness is observed in 80 mm width strip. However, 
in case of 100 mm width strip, though the overall flatness is improved, a curvy shape strip 
was noted, showing what is termed “central buckle”. The reasons for appearance of this 
central buckle comprise the absence of front and back tensions and less area of contract 
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between the top and bottom work rolls. As there is no tension acting on the two ends of the 
strip, as a result, there is no preventive force to stop central buckle. The lessened area of 
contact occurred due to increase in work roll cross angle. 
 
Figure 6.1 Aluminium strip shapes after rolling at various work roll cross angles 
6.3. Improving strip profile through work roll cross angle and work roll shifting 
– 1st pass 
In this section, the effect on aluminium of work roll cross angle, work roll shifting and their 
combination under dry and lubricated conditions is investigated.  
6.3.1 Effect of work roll cross angle 
1. Dry conditions 
Fig. 6.2a [103] shows the thickness profile of the exit strip at various work roll cross angles 
and without any work roll shifting, 30% reduction, 20 rpm rolling speed, 80 mm strip width 
at 1.3 speed ratio under dry condition. The strip thickness decreases significantly at the 
edges with no work roll cross angle resulting in a strip crown. As the work roll cross angle 
increases to 0.5°, there is reduction in the strip crown and the thickness resulting in an 
improved strip profile. The exit strip profile further improves at 1° work roll cross angle 
with a smaller strip thickness, making the strip more flat. When the work roll cross angle 
increases, the roll gap distribution can be uniformly maintained, which results in a flatter 
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strip profile. Fig. 6.2b shows the effect of work roll cross angle on strip crown and edge 
drop (C5 and Ce, respectively). Both C5 and Ce decreased when increasing the work roll 
cross angle. This is attributed to the fact that by controlling the work roll cross angle, the 
transverse flow of the material can be controlled. 
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Figure 6.2 Effects of WRC on aluminium strip profile under dry conditions, (a) the strip crown, and 
(b) strip edge drop 
 
2. Lubricated Conditions 
Fig. 6.3a shows the effect of work roll cross angle on the exit strip profile without work roll 
shifting, 30% reduction, 20 rpm rolling speed, 80 mm strip width at a 1.3 speed ratio under 
lubricated conditions. At zero work roll cross angle, the strip profile tends to decrease 
significantly towards the edges resulting in strip crown. Near the strip edges, there is a 
minimum resistance to the transverse flow of the rolled material, which is often a 
characteristic of strips produced using conventional rolling. However, when the work roll 
cross angle is changed from 0 to 0.5
°
, the exit strip profile tends to become flat. The strip 
shape further improved when the work roll cross angle was increased to 1°. This indicates 
that by increasing the work roll cross angle, uniformity of roll gap distribution can be 
maintained, therefore leading to a larger efficiency of the shape and profile control. Fig. 
6.3b shows the effect of work roll cross angle on C5 and Ce. Both C5 and Ce decreased 
with increasing work roll cross angle. This is attributed to the fact that by controlling the 
work roll cross angle, the transverse flow of the material can be controlled [104]. 
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Figure 6.3 Effects of WRC on strip profile under lubricated conditions (a) the strip crown, and (b) 
strip edge drop 
 
6.3.2 Effect of work roll shifting 
1. Dry Conditions 
The effect of work roll shifting on strip profile and thickness under dry condition at a speed 
ratio of 1.3 without any work roll cross angle is shown in Fig. 6.4a [103]. There is a marked 
decrease in thickness of the strip with increasing work roll shifting values (from 0 to 8mm). 
However, there is only a slight improvement in the strip profile. Due to relative shifting 
between the upper and lower rolls, there is a uniform distribution of rolling forces, 
essentially decreasing the rolling force required to achieve the desired thickness. The strip 
crown and edge drop also decreased with increasing roll shifting values, as shown in Fig. 
6.4b. 
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Figure 6.4 Effects of WRS on strip profile under dry condition on (a) strip crown, and (b) strip edge 
drop 
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2. Lubricated Conditions 
Fig. 6.5a shows the effect of work roll shifting on strip profile without work roll crossangle, 
30% reduction, 20 rpm speed, 80 mm strip width at 1.3 speed ratio under lubricated 
conditions. It is obvious that the work roll shifting is not significant in reducing the strip 
profile comparing to work rolls cross angle effect. However, with an increase of work roll 
shifting value, the strip profile becomes better. The rolling pressure distrubition becomes 
more uniform due to the relative shifting between the upper and lower work rolls. The strip 
crown and edge drop also decreased with increasing roll shifting values, as shown in Fig. 
6.5b [104]. 
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Figure 6.5 Effects of WRS on strip profile under lubricated conditions (a) strip profile, and (b) strip 
edge drop 
6.3.3 Combined effect of work roll crossing and work roll shifting 
1. Dry Condition 
As indicated in Figs. 6.2and 6.4, increases in work rolls cross angle and work roll shifting 
value can improve the thickness distribution and profile of the exit strip, with more 
significant effect in the first case. The combined effects of work roll cross angle and work 
roll shift value is shown in Fig. 6.6a. An increase of work roll cross angle combined with 
an increase work roll shifting produces an almost flat strip profile. This is attributed to the 
uniform roll gap distribution for the transverse metal flow as well as uniform distribution of 
roll forces on the strip, resulting in an improved (almost flat) strip profile. However, in 
terms of rolling force, either increasing the work roll shifting to 8 mm or work rolls cross 
angle to 1° yields the same result, as shown in Fig. 6.6b. 
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Figure 6.6 Combined effects of WRC and WRS under dry condition on (a) strip profile, and (b) 
rolling force 
2. Lubricated Condition 
The combined effect of work roll cross angle and work roll shifting is of highly interest. 
Fig. 6.7a shows the combined effect of these parameters under lubricated conditions. 
Similar to the observations in dry condition, the strip profile is reduced significantly as the 
work roll cross angle is increased and combined with a higher roll shifting value. In this 
case, the higher roll shifting value combined with a higher roll cross angle ensures the  
minimum resistance to the transverse flow of material, while uniformly distributing the 
pressure on the strip, resulting in a significant reduction of strip profile [104]. 
 
Fig. 6.7b shows the effect of work roll cross angle and work roll shifting on rolling force. 
As it can be seen, when the work roll cross angle is not introduced, the work roll shifting 
requires a higher rolling force, and this decreases with an increase of work roll cross angle. 
This indicates that the work roll cross angle has a more significant effect on rolling force 
than the effect of work roll shifting [104]. 
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Figure 6.7 Combined effects of work roll cross angle and work roll shifting under lubricated 
conditions on (a) strip profile, and (b) rolling force 
6.4. Effect of speed ratio 1.1 – dry and lubricated (WRCA and WRS) 
Fig. 6.8 shows the effect of a speed ratio 1.1 on strip profile. Comparing Figs. 6.8a to 6.2a 
(1.1 vs 1.3 WRC, dry) and Figs. 6.8c to 6.3a (1.1 vs 1.3 WRC, lubricated), it can be clearly 
seen that the strip profile improves dramatically with an increasing work roll cross angle. 
This is evidence that the work roll cross angle can adapt the roll gap between the top and 
lower work rolls which leads to the roll gap distribution being uniformly maintained. Also, 
comparing Figs. 6.8b to 6.4a (1.1 vs 1.3 WRS, dry), and Figs. 6.8d to 6.5a (1.1 vs 1.3 WRS, 
lubricated), the strip profile is also improved (but, not as much as by varying work roll 
cross angle). This shows that the work roll shifting system can improve the strip profile. 
That is because there is less area of contact between the two work rolls as work roll shifting 
increases, which leads to the rolling force distribution being changed. 
 
Moreover, comparing Figs. 6.8a, 6.8b, 6.8c, and 6.8d to Figs. 6.2a, 6.4a, 6.3a and 6.5a 
respectively (1.1 vs 1.3 speed ratios), the strip profile has been significantly improved. This 
is because of the existence of the cross shear region in the roll bite which reduces the 
pressure distribution in the rolling system, leading to a reduction in rolling force. 
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Figure 6.8 Effects of WRC on strip profile (a) dry condition, (c) lubricated condition, and effect of 
WRS on strip profile (b) dry condition, and (d) lubricated condition 
 
6.5. Improving the strip profile through choice of strip width 
1. Dry Condition 
Figs. 6.9a and 6.9b show the effect of strip width on strip profile with increasing work roll 
cross angle and 4 mm shifting at widths of 80 and 100 mm, respectively at a speed ratio of 
1.3 under dry condition. The strip profile tends to improve with increasing work roll cross 
angle for a specific width. However, there is significant improvement in strip profile for a 
smaller width (80 mm) compared to a larger width (100 mm). An increased width causes 
non uniform roll gap distribution leading to strip crown. As the strip width decreases, the 
material is distributed more evenly with the roll gap making the strip profile better. This 
also indicates that the overall force required to plastically flow the material within the roll 
gap is much less for the smaller strip width, as demonstrated in Fig. 6.10. 
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Figure 6.9 Effect of WRC on strip profile under dry condition of (a) 80 mm strip width, and (b) 100 
mm strip width 
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Figure 6.10 Effect of strip width on rolling force under dry condition 
 
2. Lubricated Conditions 
Figs. 6.11a and 6.11b show the effect of strip width on strip profile for 80 and 100 mm 
widths, respectively with 4 mm work roll shifting at 30% reduction, 30 rpm speed at 1.3 
speed ratio under lubricated conditions. As it can be seen, with 4 mm work roll shifting and 
for the same width, the strip profile becomes better with an increase in work roll cross 
angle. The strip profile tends to be better for small width strip. An increased width causes 
non uniform roll gap distribution leading to strip crown. Conversely, as the width decreases 
(80 mm), the material is distributed more evenly within the roll gap, making the strip 
profile better. Fig. 6.12 shows the effect of strip width on rolling force at various work roll 
cross angles. The rolling force was found to be higher for the larger width (100 mm). This 
is attributed to the larger force required to plastically deform the larger volume of the 
material in a large width strip. For the same width, the rolling force significantly dropped 
with an increase in work rolls cross angle. This is attributed to the uniform roll gap 
163 
 
distribution achieved by a larger work rolls cross angle, which allows the minimum 
resistance to the transverse flow of the metal, therefore reducing the force on the rolls 
[104]. 
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Figure 6.11 Effect of width on strip profile at various WRC under lubricated condition for, (a) 80 
mm width strip, and (b) 100 mm width strip 
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Figure 6.12 Effect of width on rolling force 
6.6. Improving the strip profile through reduction ratio 
1. Dry conditions 
The effect of reduction ratio (20 and 30%) on strip profile at various work roll cross angles 
under dry condition at a speed ratio of 1.3 is shown in Figs. 6.13a and 6.13b. With 
increased reduction, the strip profile tends to improve. The higher rolling force required for 
increased reduction provides a better flow of material within the roll gap and a uniform 
distribution is achieved. 
164 
 
-40 -30 -20 -10 0 10 20 30 40
0.395
0.400
0.405
0.410
0.415
20% Reduction
(a)
0° WRC- 1st Pass          0.5° WRC- 1st Pass
                         1° WRC- 1st Pass
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
-40 -30 -20 -10 0 10 20 30 40
0.345
0.350
0.355
0.360
0.365
(b)
30% Reduction
0° WRC- 1st Pass            0.5° WRC- 1st Pass
                        1° WRC- 1st Pass
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
 
Figure 6.13 Effect of reduction ratio on strip profile at various WRC under dry condition for (a) 
20% reduction, and (b) 30% reduction 
 
2. Lubricated Conditions 
The effects of reduction (20 and 30%) on strip profile at various work roll cross angles and 
work roll shifting of 4 mm for 20 rpm speed, 80 mm strip width and 1.3 speed ratio under 
lubricated conditions are shown in Figs. 6.14a and 6.14b respectively. It is clear that with 
increased reduction, the strip profile becomes better. This is accomplished with higher 
rolling force required for the increased reduction, which provides a better flow of material 
within the roll gap, and a uniform distribution is enhanced. Moreover, for a specific 
reduction ratio, the strip profile is improved with an increase of work rolls cross angle 
which tends to maintain the uniformity of roll gap [104]. 
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Figure 6.14 Strip profile, lubricated condition at, (a) 20% reduction, and (b) 30% reduction 
6.7. Improving the strip profile through rolling speed 
1. Dry Condition 
The strip profiles obtained using various work roll cross angles at roll speeds of 0.0659 m/s 
(20 rpm) and 0.0986 m/s (30 rpm) under dry condition at speed ratio of 1.3 and 4 mm work 
roll shifting are shown in Figs. 6.15a and Fig. 6.15b, respectively. At 0.0659 m/s, there is a 
significant improvement (especially with cross angle 1°) in the strip profile with increasing 
165 
 
work roll cross angle. However, there is a significant decrease in thickness. Moreover, the 
improvement of strip profile is even slightly better in case of 0.0986 m/s. This indicates that 
regardless of rolling speed, as work roll cross angle increases, the strip profile becomes 
better. Furthermore, the strip profile slightly improves as the rolling speed increases. Even 
the rolling force measured is similar in both rolling speeds with a little force reduction for 
1° crossing angle at 0.0659 m/s as shown in Fig. 6.16. 
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Figure 6.15 Strip profile with increasing WRC at rolling speed of (a) 0.0659 m/s, and (b) 0.0986 
m/s under dry condition 
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Figure 6.16 Effect of rolling speed on rolling force under dry condition 
2. Lubricated Condition 
Figs. 6.17a and 6.17b show the effects of rolling speed (20 and 30 rpm) respectively on 
strip profile at various work roll cross angles and a fixed roll shifting value of 4 mm using 
30% reduction, 80 mm strip width and 1.3 speed ratio under lubricated conditions. The exit 
strip profiles indicate that the effect of work roll cross angle is similar for both 20 and 30 
rpm (an improvement in strip profile). However, the resulting strip thickness is lower in 
case of a higher rolling speed. This indicates that an optimum combination of rolling speed 
and work roll cross angle yields a better strip profile as well as reduced thickness. The 
166 
 
effect of rolling speed on rolling force is shown in Fig. 6.18. It can be seen that there is no 
significant change of rolling force for different rolling speeds, as the net contact surface is 
essentially the same in both cases, thus requiring a similar rolling force [104]. 
-40 -30 -20 -10 0 10 20 30 40
0.345
0.350
0.355
0.360
0.365
20rpm rolling speed
(a)
=0° WRC- 1st Pass"       =0.5° WRC- 1st Pass"
                           =1° WRC- 1st Pass"
 Polynomial Fit of Sheet1 B
 Polynomial Fit of Sheet1 D
 Polynomial Fit of Sheet1 F
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
-40 -30 -20 -10 0 10 20 30 40
0.345
0.350
0.355
0.360
0.365
30rpm rolling speed
(b)
=0° WRC- 1st Pass"       =0.5° WRC- 1st Pass"
                           =1° WRC- 1st Pass"
 Polynomial Fit of Sheet1 B
 Polynomial Fit of Sheet1 D
 Polynomial Fit of Sheet1 F
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
 
Figure 6.17 Strip profile at various cross angles for (a) 20 rpm rolling speed, and (b) 30 rpm rolling 
speed 
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Figure 6.18 Effect of rolling speed on rolling force 
6.8. Improving the strip profile using speed ratio 
1. Dry conditions 
Figs. 6.19a and 6.19b show a comparison of speed ratios 1.1 and 1.3 at work roll cross 
angles of 0 and 1°, respectively. Without work roll cross angle, the strip profile and its 
thickness both improve with an increase in speed ratio from 1.1 to 1.3. At a work roll cross 
angle of 1°, the strip profile appears to be much better than that at 0, and shows a 
significant improvement with an increase in speed ratio. The strip profile seems to be 
significantly improved by increasing speed ratio and will beimproved further by increasing 
the work roll cross angle. 
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Figure 6.19 Effect of speed ratio under dry condition on strip profile at work roll cross angles of (a) 
0, and (b) 1° 
2. Lubricated condition 
Figs. 6.20a and 6.20b show the effect of speed ratios (1.1 vs 1.3) at work roll cross angles 0 
and 1° with no work roll shifting, 30% reduction, 20 rpm rolling speed for 80 mm strip 
width under lubricated conditions. At 0 work roll cross angle, there is essentially just a 
slight improvement in strip profile and thickness distribution with an increase in speed 
ratio. Even at higher work roll cross angle of 1°, there is also significant improvement in 
strip profile, however, a higher speed ratio results in a better reduction in strip thickness. 
-40 -30 -20 -10 0 10 20 30 40
0.345
0.350
0.355
0.360
0.365
(a)
Speed Ratio 1.3
Speed Ratio 1.1
WRC = 0°
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
-40 -30 -20 -10 0 10 20 30 40
0.345
0.350
0.355
0.360
0.365
(b)Speed Ratio 1.1
Speed Ratio 1.3
WRC = 1°
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)  
Figure 6.20 Effect of WRC on strip profile for different speed ratios, (a) 0 work roll cross angle, 
and (b) 1° work roll cross angle 
6.9. Strip shape and profile during 2nd pass under various WRC angles and WRS 
values 
1. Dry Condition 
Figs. 6.21a and 6.21b shows the effect of work roll cross angle and work roll shifting on the 
exit strip profile after the 2nd pass without work roll shifting, 30% reduction, 20 rpm speed, 
80 mm strip width at 1.3 speed ratio under dry condition. The results are similar to that 
observed during the 1st pass (Fig. 6.2a). At zero work roll cross angle, the strip thickness 
tends to decrease significantly towards the edges resulting in the strip crown. However, 
when the work roll cross angle changes from 0 to 1°, the exit strip profile tends to become 
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flat leading to a larger efficiency of the shape and profile control as observed during the 1st 
pass. 
 
Work roll shifting is not significant enough in reducing the strip profile comparing to work 
roll cross angle effect during the 2nd pass, however, with an increase of work roll shifting 
value, the strip profile becomes better. 
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Figure 6.21 (a) Effects on the 2nd pass strip profile under dry condition of (a) work roll cross angle, 
and (b) work roll shifting 
2. Lubricated condition 
Fig. 6.22a shows the effect of work roll cross angle on the exit strip profile after the 2nd 
pass without work roll shifting, 30% reduction, 20 rpm speed, 80 mm strip width at 1.3 
speed ratio under lubricated conditions. The results are similar to that observed during the 
1st pass (Fig. 6.3a). At zero work roll cross angle, the strip thickness tends to decrease 
significantly towards the edges, resulting in strip crown. However, when the work roll cross 
angle changes from 0 to 1°, the exit strip profile tends to become flat, leading to a larger 
efficiency of the shape and profile control as observed during the 1st pass. 
 
Fig. 6.22b shows the effect of work roll shifting (0 and 8 mm) on the strip profiles after the 
2nd pass without work roll cross angle, 30% reduction, 20 rpm speed, 80 mm strip width at 
1.3 speed ratio under lubricated conditions. Similar to the 1st pass (Fig. 6.5a), work roll 
shifting is not significant in reducing the strip profile comparing to that of work roll cross 
angle effect, however, with an increase of work roll shifting value, the strip profile becomes 
better. 
169 
 
-40 -30 -20 -10 0 10 20 30 40
0.235
0.240
0.245
0.250
0.255
1° WRC
0° WRC
(a)
="1.3- no WRS- 2nd Pass"        ="1.3- no WRS- 2nd Pass"
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
-40 -30 -20 -10 0 10 20 30 40
0.235
0.240
0.245
0.250
0.255
(b)
8mm WRS
0mm WRS
="1.3- 0° WRC- 2nd Pass"        ="1.3- 0° WRC- 2nd Pass"
T
h
ic
k
n
e
s
s
 o
f 
s
tr
ip
 p
ro
fi
le
 (
m
m
)
Width of strip (mm)
 
Figure 6.22 (a) Effect on the 2nd pass strip profile of (a) work roll cross angle, and (b) work roll 
shifting 
6.10. Strip shape and profile during 3rd pass under various WRC angles and 
WRS values 
1. Dry Condition 
Fig. 6.23a shows the effect of work roll cross angle on the exit strip profile after the 3rd 
pass without work roll shifting, 30% reduction, 20 rpm speed, 80 mm strip width at 1.3 
speed ratio under dry condition. The results are similar to that observed during the 1st and 
2nd passes, showing a significant improvement in strip profile with an increase in work roll 
cross angle from 0 to 1°. The exit strip profile tends to become flat leading to a larger 
efficiency of the shape and profile control as observed during the 1st and 2nd passes. 
Fig. 6.23b shows the effect of work roll shifting (0 and 8 mm) on the strip profile after the 
3rd pass without work roll cross angle, 30% reduction ratio, 20 rpm speed, 80 mm strip 
width at 1.3 speed ratio under dry condition. Similar to the 1st and 2nd passes, work roll 
shifting is not significant in reducing the strip profile as well as overall thickness compared 
to that ofthe work roll cross angle effect. 
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Figure 6.23 Effect on the3rd pass strip profile under dry condition of (a)work roll cross angle, and 
(b) work roll shifting 
 
 
170 
 
2. Lubricated Condition 
Fig. 6.24a shows the effect of work roll cross angle on the exit strip profile after the 3rd 
pass without work roll shifting, 30% reduction, 20 rpm speed, 80 mm strip width at 1.3 
speed ratio under lubricated conditions. The results are similar to that observed during the 
1st and 2nd passes, showing a significant improvement in the strip profile with an increase 
in work roll cross angle from 0 to 1°. The exit strip profile tends to become flat leading to a 
larger efficiency of the shape and profile control as observed during the 1st and 2nd passes. 
 
Fig. 6.24b shows the effect of work roll shifting (0 and 8 mm) on strip profile after the 3rd 
pass without work roll cross angle, 30% reduction ratio, 20 rpm speed, 80 mm strip width 
at 1.3 speed ratio under lubricated condition. Similar to the 1st and 2nd passes, work roll 
shifting is not as significant in reducing the strip profile as well as overall thickness 
compared to that ofthe work roll cross angle effect. 
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Figure 6.24 Effect on the 3rd pass strip profile of (a) work roll cross angle, and (b) work roll 
shifting 
 
6.11 Summary 
The exit strip profile of thin strips of aluminum in cold rolling at a 1.3 speed ratio under dry 
and lubricated conditions was studied. The effect of work roll cross angle, work roll 
shifting and rolling speed were investigated using the Hille 100 rolling mill. The following 
conclusions can be drawn: 
 The strip profile improved significantly with an increase of work roll cross angle, and 
this gave a marked reduction in rolling force as well. 
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 The effect of work rolls shifting was not as significant as the work roll cross angle. 
However, an increase in work roll shifting achieved a similar reduction in rolling force 
as that of work roll cross angle. 
 There is an optimum rolling speed at which the effect of work roll shifting is the 
maximum in achieving the desired thickness, however, no significant improvement in 
strip profile was observed. 
 The strip profile improved with an increase of work roll cross angle for a specific strip 
width. However, there is significant improvement in strip profile by using a relatively 
smaller strip width. 
 The effect of rolling parameters is similar during the 1st, 2nd and 3rd passes, although it 
is implied that the strip thickness is consequently reduced during multiple passes. 
 The most significant effect on the strip profile was observed with an increase of work 
roll cross angle. The rolling force can be significantly reduced either by increasing work 
roll cross angle or increasing work roll shifting value. A comparison of the strip profile 
at different speed ratios shows that the strip profile becomes better with an increase of 
speed ratios. 
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Chapter 7 
ANALYSIS OF ROLLING FORCE DURING COLD STRIP ROLLING 
7.1 Introduction 
It is desired to reduce the thickness of a strip in rolling. Rolling force is considered to be 
the most imperative parameter in cold strip rolling. The accuracies of strip thickness 
distribution and flatness are directly in relation to the rolling force. Precise prediction of 
rolling force plays a significant role in the presetting of cold rolling production system. 
The modern tandem cold rolling mill is controlled by a computer control system, and 
often equipped with a complete automation system. The automation system requires a 
wide range of technical parameters to control the rolling progress effectively. Among 
them the most important one is to calculate the rolling force in rolling process [58, 83, 
105]. 
 
Therefore, how to calculate the rolling force accurately, with the help of mathematical 
models, is the most important function of a computer based rolling control system. The 
model for calculating rolling force is composed of several sub-models, such as the 
rolling force model, roll flattening radius model, coefficient of friction μ model and 
material deformation resistance K model. All these models can affect the calculation 
accuracy of rolling force. 
 
Several models are reported to calculate the rolling force which includes the Bland-
Ford-Hill model, the roll flattening or Hitchcock model, the coefficient of friction and 
deformation resistance model [81, 84, 106, 107]. All these models calculate without 
consideration of the effects of work roll cross (WRC) angle and work roll shifting 
(WRS). Work roll cross angle and work roll shift are used for reducing rolling force and 
improving the strip profile [108]. However, no studies have been reported to develop 
the theory for calculating the rolling force considering the effects of work roll cross 
angle and work roll shifting. Because of this, applications of WRC and WRS are 
limited in computer based systems. In this study, a mathematical model for calculating 
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the rolling force taking into account the effects of work roll cross angle and work roll 
shifting value is proposed. 
 
The theory for calculating the rolling force considering the effect of WRC and WRS has 
been developed considering speed ratios 1.1, 1.2 and 1.3. The concept is first presented 
schematically followed by developing new equations for calculating the rolling force. 
The equations for evaluating the unit pressure and contact area used in this study are 
obtained from [109]. The corresponding calculations are performed in Matlab. The 
Matlab codes for 3 different speed ratios are generated. The calculation process 
involves several steps without considering roll deflection (flattening effect). The contact 
length has been calculated for the case of work roll cross angle (without consideration 
of the flattening of the work rolls). The coefficient of friction (COF) has been 
calculated by assuming the COF for speed ratios 1.1, 1.2, and 1.3 and hence the 
coefficient delta and n value (external friction effect coefficient) can be obtained. 
Finally, the contact length as well as the rolling force with consideration of flattening of 
the work rolls has been calculated.  
7.2 The steps for the calculation of rolling force (based on Karman and Hertz 
contact theory) 
In the developed model the calculation of rolling force is performed in 5 steps as described 
below. 
Step 1: to calculate the unit pressure [109] 
(1) Calculate the coefficient delta which is related to the COF and roll diameter and 
reduction, and can be expressed as: 
 
1 2
1 2
2 D D
D D h
 


 

          (7-1) 
Where   is the coefficient delta 
 
(2) Calculate the reduction value as follows: 
 
entry
h
h


          (7-2)  
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where   = Reduction value    
(3) Obtain the n value (external friction effect coefficient) based on Fig. 7.1 [109] 
 
 
Figure 7.1 Relationship between the external friction effect coefficient, the COF, the work roll 
diameter and the amount of thickness reduction [109] 
 
(4) Check the yield stress using the reduction value (20 or 30%) as shown in Fig. 7.2 
 
Figure 7.2 Relationship between true strain and true stress 
 
(5) Calculate the constrained yield stress using Equation (7-3) 
 1.15K                (7-3) 
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where K = constrained yield stress, 𝜎 = 𝑦𝑖𝑒𝑙𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 
(6) Finally, calculate the unit pressure using Equation (7-4) 
 p K n               (7-4) 
where p  = Unit pressure, n  = external friction effect coefficient 
Step 2: to calculate the contact area based on Hertz contact theory [109] 
We initially ignore the elastic deformation of work rolls and then obtain the contact area as 
shown in Equation (7-5) 
 
 
1 2 1 2
1 2
Δ
2
w w D D
a h
D D



          (7-5) 
Step 3: Calculate the rolling force for the case of work roll shifting using Equation (7-6) 
  * * /P l a p L         (7-6) 
where P  = Rolling force  
L  = total contact length between the top and bottom work rolls 
l  = contact length between top and bottom work rolls in case of shifting (0, 4 mm, 8 
mm) 
a  = contact area 
p  = unit pressure 
Step 4: to calculate the contact area (for case with a work roll cross angle) using the 
iteration method as shown in Appendix (D) 
Step 5: Finally, to calculate the rolling force 
Calculate the rolling force for the case of work roll cross angle considering Equation (7-7) 
1 1 *P a p          (7-7) 
where 
1P  is the rolling force, 1a  is the contact area calculated from the iteration method 
and p  is the unit pressure      
7.3 Work rolls cross method 
The work roll cross method progressively changes the contact area, which gradually 
changes the rolling force during the rotation of the work rolls from 0 - 1°. Fig. 7.3a shows 
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the schematicof the contact areas for work roll cross angle. The contact area decreases as 
the work roll cross angle increased from 0 - 1° as indicated by ABCD. 
 
Figure 7.3 Calculating the contact length and contact area for work roll cross angle method 
 
Fig. 7.3b depicts a quarter of the total contact area. For a certain work roll cross angle, the 
triangle BAC will not be in contact when the work roll cross angle is considered during the 
rolling process. The point B moves along the length AD as work roll cross angle changes, 
whose location can be determined based on the expiremental results. Therefore, to identify 
0.5° or1° work roll cross angle, the length AD has been divided into 100 parts as shown in 
Fig. 7.3c. For example, we have usedthe 15th increment of AD to represent the location of 
B for the case of 0.5° work roll cross angle, and the 27th increment of AD to represent the 
location of B for the case of 1° work roll cross angle. Both the 15th and 27th increments 
match the experimental results for 0.5° and 1° work roll cross angle respectively. 
 
This process has been considered for all cases of the rolling processes (speed ratios 1.1, 1.2 
and 1.3, and 20% and 30% reductions). 
 
7.4 Work rolls shifting method 
As shown in Figs. 7.4a and 7.4b, we extend two vertical lines from the original contact 
length to represent the original contact area (which is represented in red). Then we move 
the upper work roll to the right and the lower work roll to the left direction, so that the 
rolling force will be reduced to nearly zero at the two edges of the upper and lower work 
rolls as shown in Fig. 7.4c (front view). 
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Figure 7.4 Calculating the contact length and contact area for work roll shifting method 
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7.5 Calculating the contact length (without deflection) 
Adapting Equation (7.8) to different cases with different diameters and reductions, we can 
find the contact length for each case of speed ratios (1.1, 1.2 and 1.3) and reductions (20 
and 30%) 
1 2 1 2
1 2 1 2
2R R D D
L h h
R R D D
   
 
       (7-8) 
where 
L  is the contact length (between the work roll and the strip), 
1R  is the radius of the upper 
work roll, 
2R  is the radius of the bottom work roll, h  is the draft (thickness difference 
before and after rolling) 
 
Applying Equation (7.8) in the case of speed ratios 1.1, 1.2 and 1.3 for 20 and 30% 
reductions, we can get the contact length for each case as shown in Table 7.1: 
Table 7.1 Calculating the contact length for speed ratios 1.1, 1.2 and 1.3 for 20% and 30% 
reductions 
 
Speed ratio 
Contact length (mm) 
20% Reduction 30% Reduction 
1.1 1.8147 2.2226 
1.2 1.8559 2.2731 
1.3 1.8875 2.3117 
7.6 Assumptions of COF for different speed ratios 
According to the study made by [65, 104] it can be seen that the COF decreases as the 
speed ratio increases. We have assumed that the cold rolling COF in the case of a 1.1 speed 
ratio is higher than that of 1.3 and 1.2 speed ratios. Therefore, based on the assumption 1 = 
0.2, 2 = 0.156, 3 = 0.128, and 4 = 0.1 areas shown in Fig. 7.5. 
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Figure 7.5 Assuming COF for different speed ratios 
Then we can obtain the overall COF for each speed ratio using Equation (7-9) 
1 2
1 2
 

 


         (7-9)
 
As can be seen in Table 7.2, the COFs (
1.1 1.2 1.3, ,   ) will be used in the MatLab code to 
firstly obtain the   (the coefficient delta), then from the coefficient delta, we can obtain the 
n value using Fig. 7.1. Table 7.2 shows the values of coefficient delta and n value generated 
from the MatLab code and Fig. 7.1 for reductions of 20 and 30%.  
Table 7.2 Values of coefficient delta and n value that have been used in the MatLab code 
Speed ratio Value of    (20%)  (30%) n value (20%) n value (30%) 
1.1 0.09 2.31 1.89 1.05 1.03 
1.2 0.08 2.1 1.714 1 0.99 
1.3 0.07 1.80 1.53 0.945 0.95 
 
7.7 Iteration method to calculate the theoretical rolling force (without 
deflection) 
First: for 0.5
°
 work roll cross angle 
For example, for the case of speed ratio of 1.1, 20% reduction, 80 mm strip width, we use 
the contact length that has been calculated in Section 7.5 
1.8147l mm    40AC mm   
1
1.8147 / 2 0.9074
2
AD l mm    
1 
0.2 
 
  
2 
0.156 
 
1 
0.2 
 
 
4 
0.1 
 
63 mm 
82 mm 
1 
0.2 
 
 
3 
0.128 
 
63 mm 
76 mm 
63 mm 
69 mm 
Speed ratio = 1.1         Speed ratio = 1.2            Speed ratio = 1.3 
Speed ratio = 1.3 
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where, l  is the contact length without work roll cross angle, AC is half strip width, and AD 
is half contact length. The total contact area without work roll cross angle = 
21.8147 80 145.176mm   
AB15 = AD/100 *15 = 0.9074 / 100 * 15 = 0.1365 mm 
Then we construct the curve to represent the shape of the real contact area based on the 
Matlab curve fitting (see Fig. 7.6) using the following data: 
x = [0.1365, 0] = [0.1365,0.1194,0.1023,0.0852,0.0681,0.051,0.034,0.017,0] 
y = [0, 40] = [0,5,10,15,20,25,30,35,40] 
 
Figure 7.6 Curve fitting graph that has been generated by Matlab 
 
Then we can obtain the mathematical expression of the curve as shown in Equation (7-10): 
 
F = @ (x) 43.26*exp (-13.49*x)       (7-10) 
In order to obtain the area of the four corners, we use the integration method using Matlab 
as follows: 
A = quad (F,0,0.1365)*4 = 2.6982 * 4 = 10.7928 mm
2
 
Finally, the contact area for 0.5
°
 work roll cross angle can be calculated by subtracting the 
area of the four corners from the total contact area as shown below: 
A = 145.176 – 10.7928 = 134.3832 mm
2 
Then, by running the Matlab code, we can obtain Fig. 7.7 which represents the relationship 
between the rolling force and the location of point B for 0.5° work roll cross angle. As can 
be seen from Fig. 7.7, the calculation of the rolling force converges after point B reached 
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the location of ~ 0.57 mm where the rolling force is about 83.2 KN. Therefore, the 
theoretical value of the rolling force for 0.5° work roll cross angle (without deflection) is 
83.2 KN as can be seen in Fig. 7.7. 
 
Figure 7.7 Relationship between the rolling force and the location of point B for 0.5° work roll 
cross angle 
 
Following the same method (iteration method), we can obtain the work roll cross areas for 
0.5
°
 and 1
°
 work roll cross angles for 1.1, 1.2 and 1.3 speed ratios, 20% and 30% reductions 
(without deflection). 
 
Using MatLab code (Appendix D) that has been generated, we can obtain the rolling force 
values of 0.5
°
 and 1
°
 work roll cross angles for 20 and 30% reductions as shown in Tables 
7.3 and 7.4. 
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Table 7.3 Summary of the contact areas and rolling force for 0.5° WRC angle (without deflection) 
Speed 
ratio 
Reduction 
(%) 
Strip width 
(mm) 
AB (mm) Total contact 
area (mm
2
) 
Rolling force 
(KN) 
1.1 20 80 0.1365 134.3832 83.2 
1.1 20 100 0.1365 167.8928 104 
1.1 30 80 0.1667 164.5884 105.7 
1.1 30 100 0.1667 205.6728 132.4 
1.2 20 80 0.1392 137.4504 81 
1.2 20 100 0.1392 171.7412 101.2 
1.2 30 80 0.1705 168.3412 103.9 
1.2 30 100 0.1705 210.3512 129.8 
1.3 20 80 0.14156 139.792 77.9 
1.3 20 100 0.14156 174.6612 97.2 
1.3 30 80 0.1734 171.2028 101.4 
1.3 30 100 0.1734 213.9232 126.8 
 
Second: for 1
°
 work roll cross angle 
Following the same procedures of 0.5
°
 work roll cross angle, we can obtain the contact area 
as well as the rolling force for 1
°
 work roll cross angle. For example, the contact area and 
the rolling force for speed ratio of 1.1, 20% reduction, and 80 mm strip width were 
calculated. 
 
Fig. 7.8 shows the result of the Matlab code of the rolling force when the work roll cross 
angle is 1
°
. As can be seen from Fig. 7.8, there is a sharp decrease of the rolling force from 
about 90 –77 kN. Then the rolling force converges to about 76.8 KN after it reaches the 
location of point B at about 0.75 mm 
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Figure 7.8 Relationship between the rolling force and the location of point B for 1° work roll cross 
angle 
 
Table 4 shows the summary of the total contact area and the rolling force for different cases 
of 1
° 
work roll cross angle (without deflection).  
 
Table 7.4 Summary of the contact areas and rolling force for 1° WRC angle (without 
deflection) 
Speed 
ratio 
Reduction 
(%) 
Strip width 
(mm) 
AB (mm) Total contact 
area (mm
2
) 
Rolling force 
(KN) 
1.1 20 80 0.2457 125.7188 76.8 
1.1 20 100 0.2457 157.2056 95.9 
1.1 30 80 0.30005 154.016 97.9 
1.1 30 100 0.30005 192.4152 122.2 
1.2 20 80 0.25055 128.6492 74.8 
1.2 20 100 0.25055 160.6788 93.3 
1.2 30 80 0.30687 157.5588 96 
1.2 30 100 0.30687 197.0776 120 
1.3 20 80 0.2548 130.8124 72 
1.3 20 100 0.2548 163.4108 89.8 
1.3 30 80 0.3121 160.2312 93.8 
1.3 30 100 0.3121 200.1232 117.2 
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7.8 Calculating the contact length (with consideration of deflection) 
Adapting Equations (7.11) - (7.15) [110, 111] to different cases with different diameters 
and reductions, we can find the contact length for each case of speed ratios (1.1, 1.2, and 
1.3) and reductions (20 and 30%). 
2
0 0( )l R h Ax Ax            (7-11) 
0.0057
1.6055
0.0045
A

 

       (7-12) 
1 2
0 1 2 1 2
1 2
2 ( ) 2 ( )
R R
x R
R R
       

    (7-13) 
2 2
1
1 14 4
2
roll roll
roll roll
V VP P
B b E b E 
 
    

      (7-14) 
22
2
114 4
2
striproll
roll strip
VVP P
B b E b E 

    

     (7-15) 
where: 
l  is the contact length, R  is the work roll radius, h  is the draft, 
1  is the deflection of the 
work rolls, 
2  is the spring back of the strip, P  is the rolling force (without deflection), 
B b  is the width of the strip before and after rolling, V  is the Poisson ratio, E  is the elastic 
modulus, A is the coefficient of Equation (7-11).  
 
Please see Appendix (E) for the calculations of the contact length for no work roll cross 
angle with consideration of deflection (flattening). These calculations include speed ratios 
1.1, 1.2 and 1.3, and 20% and 30% reductions. 
 
7.9 Iteration method to calculate the theoretical rolling force (with deflection) 
Following the same method that has been used to calculate the contact area and the rolling 
force for the case without deflection, we can obtain the contact area and the rolling force 
for the case with deflection.  
First: for 0.5
°
 work roll cross angle 
For example for the speed ratio of 1.1, 20% reduction, 80 mm strip width 
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2.216l mm   40AC mm   
1
2.216 / 2 1.108
2
AD l mm    
The total contact area without work roll cross angle = 2177.28mm  
15 0.1662AB mm  
F = @ (x) 43.28*exp (-11.07*x) 
A = 164.1256 mm
2 
The relationship between the rolling force and the location of point B for 0.5
°
 work roll 
cross angle is shown in Fig. 7.9.
 
 
Figure 7.9 Relationship between the rolling force and the location of point B for 0.5° work roll 
cross angle 
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Table 7.5 Shows the summary of the contact areas and rolling force for 0.5° WRC angle (with 
deflection) 
Speed 
ratio 
Reduction 
(%) 
Strip width 
(mm) 
AB (mm) Total contact 
area (mm
2
) 
Rolling force 
(KN) 
1.1 20 80 0.1662 164.1256 101.6 
1.1 20 100 0.16629 205.1804 127 
1.1 30 80 0.19512 192.6758 123.7 
1.1 30 100 0.19513 240.7638 154.6 
1.2 20 80 0.1689 166.7924 98.2 
1.2 20 100 0.1689 208.458 122.6 
1.2 30 80 0.19876 196.2456 121 
1.2 30 100 0.19876 245.2496 151.3 
1.3 20 80 0.17013 167.9916 93.5 
1.3 20 100 0.170167 209.966 117 
1.3 30 80 0.20097 198.4608 117.5 
1.3 30 100 0.20093 247.9224 146.8 
 
Second: for 1
°
 work roll cross angle 
The same method that has been used for the case of 0.5
°
 work roll cross angle can be used 
for 1
°
 work roll cross angle. For example for speed ratio of 1.1, 20% reduction, 80 mm strip 
width 
2.216l mm   40AC mm   
1
2.216 / 2 1.108
2
AD l mm    
The total contact area without work roll cross angle = 2177.28mm  
15 0.29916AB mm  
F = @ (x) 43.27*exp (-6.147*x) 
A = 153.5996 mm
2 
The relationship between the rolling force and the location of point B for 1
°
 work roll cross 
angle is shown in Fig. 7.10.
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Figure 7.10 Relationship between the rolling force and the location of point B for 1° work roll cross 
angle 
Please note that the same iteration method calculations has been used for calculating the 
contact area and the rolling force for 0.5
°
 and 1
°
work roll cross angle of speed ratios 1.1, 
1.2 and 1.3, 20 and 30% reductions, and 80 and 100 mm strip width, and Tables 7.5 and 7.6 
show the final results of the contact areas and rolling force for 0.5
°
and 1
° 
WRC angles (with 
deflection).  
 
Table 7.6 Summary of the contact areas and rolling force for 1° WRC angle (with deflection) 
Speed 
ratio 
Reduction 
(%) 
Strip width 
(mm) 
AB (mm) Total contact 
area (mm
2
) 
Rolling force 
(KN) 
1.1 20 80 0.29916 153.5996 93.8 
1.1 20 100 0.29933 191.9452 117.4 
1.1 30 80 0.35121 180.3182 114 
1.1 30 100 0.351236 225.2426 143 
1.2 20 80 0.30402 156.09 91 
1.2 20 100 0.3041 195.0016 113.5 
1.2 30 80 0.35776 183.6924 112.2 
1.2 30 100 0.35778 229.4388 140 
1.3 20 80 0.306234 157.2372 86.3 
1.3 20 100 0.3063 196.4212 107.7 
1.3 30 80 0.3617 185.7368 108.2 
1.3 30 100 0.36168 231.934 136 
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7.10 The mathematical verification of convergence of the computational 
calculation 
In order to verify the Matlab results, pure mathematical calculations have been achieved to 
compare the convergence of the calculations as follows. 
7.10.1Difference between two calculations for the area of the four corners 
(mm2) 
First: for 0.5
°
 work roll cross angle 
For example, for the case of speed ratio of 1.1, 20% reduction, 80 mm strip width: 
The mathematical expression of the shape of the contact area has been obtained by Matlab 
curve fitting as shown in Equation (7-10) whose general form can be expressed as: 
( ) bxf x ae           (7-16) 
where: e is the mathematical constant which = 2.71828  [112]. Then by applying 
Equation (7-16) with Equation (7-10) we can obtain Equation (7-17)  
13.49@( )43.26 xF x e   13.49( ) 43.26 xf x e      (7-17) 
During the iteration method, we assume the initial value of x to be 0, and then we give an 
increment to it for the second calculation, and then another increment for the third 
calculation and so on. This can be illustrated as shown in Equation (7.18):  
1
2 1
3 1
4 1
0
2
3
x
x x
x x
x x

  
  
  
M
 
1 ( 1)nx x n             (7.18) 
where, = 0.0001 mm. 
So the area of one corner at the nth and (n+1)th iterations can be obtained following the 
calculations below: 
189 
 
0.0001( 1)
13.49 13.49
( )
00 0
13.49*0.0001( 1) 13.49*0
43.26 43.26
( )
13.49 13.49
43.26 43.26
13.49 13.49
n
n
x nx
x x
n
n
F f x e e
e e

 
  
   
         
  
    
  

   (7-19) 
0.001349( 1)3.20682* 3.20682*1ne           
 0.0001 ( 1) 1 0.0001
13.49 13.49
( 1)
0 0
43.26 43.26
13.49 13.49
n n
x x
nF e e
 
 

   
        
     (7-20) 
   
0.0013493.20682* 3.20682ne    
The error between two calculations of the area of one corner is obtained as shown in 
Equation (7-21). 
   0.001349 0.001349( 1)1 ( 1) ( ) 3.20682* 3.20682 3.20682* 3.20682n nn nF F e e            
 0.001349 0.0013493.20682 3.20682ne e         (7-21) 
Substituting the value of e = 2.71828 
0.001349 *0.00433ne  
when n  = 1000 
0.001349*1000 1.349*0.00433 *0.00433e e   
( 1) ( ) 0.0011236*4(4 ) 0.004494n nF F corners     
To sum up, when n = 1000, the difference of the total area of the four corners is 0.0045
mm
2 
as shown in Fig. 7.11. 
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Figure 7.11 Relationship between the difference of two calculations for the area of the four corners 
and the number of times of iteration 
7.10.2 Difference between two calculations for contact areas (mm2) 
To calculate the difference between two calculations for contact areas for example for 
speed ratio of 1.1, 20% reduction, 80 mm strip width, we use Equation (7-22). 
2 ( 1) ( )n narea area           (7-22) 
   ( 1) ( )
( 1) ( )
( 1) ( )
145.176 4 145.176 4
4 4
4* 4 4*0.0011236 0.004494
n n
n n
n n
F F
F F
F F



   
  
   
 
Fig. 7.12 shows the difference between two calculations for contact areas. 
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Figure 7.12 Relationship between the difference of two calculations for the contact area and the 
number of times of iteration 
 
It can be seen from Fig. 7.12 the difference between two calculations for the contact area is 
0.004494 mm
2 
which is exactly the same as the difference between two calculations for the 
area of the four corners, which means that 
2 1  . Please note that all the calculations of 1  
and 
2  are the same. 
 
Table 7.7 is for the summary of the difference between two calculations for the area of the 
four corners ( 1 ), and the difference between two calculations for contact areas (
2 ) 
including speed ratios 1.1, 1.2 and 1.3 and 20% and 30% reductions. 
 
Table 7.7 Summary of the calculations of and after convergence for 0.5° and 1° WRC angles 
Speed 
ratio 
Reduction 
(%) 
Strip width 
(mm) 
Area of the four corners 
(mm
2
) for 0.5
°
 WRC 
Area of the four corners 
(mm
2
) for 1
°
 WRC 
1.1 20 80 0.005136 0.00819541 
1.1 20 100 0.0056526 0.01035115 
1.1 30 80 0.00575964 0.009395841 
1.1 30 100 0.007221 0.0117876 
1.2 20 80 0.00462308 0.00830648 
1.2 20 100 0.0058061554 0.01043754 
1.2 30 80 0.005895384 0.00950833 
1.2 30 100 0.0073964 0.01182949 
192 
 
1.3 20 80 0.00472586 0.008422 
1.3 20 100 0.00593742 0.01056865 
1.3 30 80 0.00600102 0.009604864 
1.3 30 100 0.007545656 0.01207136 
 
7.10.3 Difference between two calculations for rolling force (N) 
First: for 0.5
°
work roll cross angle 
Similarly, for the case of a speed ratio of 1.1, 20% reduction, 80 mm strip width, the 
difference between two calculations for rolling force can be determined using Equation (7-
23). 
3 1( 1) 1( )n nP P            (7-23) 
   ( 1) ( )
( 1) ( 1)
( 1) ( 1)
0
( 1) ( 1)
0.001349 0.001349
*9.80665* *9.80665*
*9.80665*
*9.80665*4*
1.15*
* *9.80665*4*
9.80665
1.15*520*1.05*4*0.00433* 10.87523
n n
n n
n n
n n
n n
p area p area
p area area
p F F
y
n F F
e e

 
 
 
 
 
 
 
 
  
 
 
 
where P1 is the rolling force, p is the unit pressure, K is the constraint yield stress, y0 is the 
yield stress, and n is the coefficient  
when n = 1000
3 2.8221  . 
We can see that 
3  (2.8221) is in agreement with the calculated error from Matlab as 
shown in Fig. 7.13. 
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Figure 7.13 Relationship between the difference of two calculations for the rolling force and the 
number of times of iteration 
 
Table 7.8 is for the summary of the difference between two calculation for the rolling force 
(N), including speed ratios 1.1, 1.2 and 1.3 and 20% and 30% reductions. 
 
Table 7.8 Summary of the calculations of after convergence for 0.5° and 1° WRC angles 
Speed 
ratio 
Reduction 
(%) 
Strip width 
(mm) 
Rolling force error      
( 3 ) for 0.5
°
 WRC 
Rolling force error      
( 3 ) for 1
°
 WRC 
1.1 20 80 2.8221 5.14586 
1.1 20 100 3.5488 6.4995 
1.1 30 80 3.75193 6.1211 
1.1 30 100 4.7043 7.67933 
1.2 20 80 2.7647 4.9673 
1.2 20 100 3.4721 6.24165 
1.2 30 80 3.69155 5.9539 
1.2 30 100 4.6407 7.40735 
1.3 20 80 2.6707 4.7593 
1.3 20 100 3.3553 5.97245 
1.3 30 80 3.6059 5.77134 
1.3 30 100 4.525 7.2534 
Please see Appendix F for the summary of the final rolling force results in the case of 
deflection (flattening) and without deflection (without flattening) compared to the 
experimental rolling force results.  
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7.11 Calculated rolling force compared to experimental rolling force results 
7.11.1 Effect of 1.1 speed ratio on theoretical rolling force 
Fig. 7.14 shows a comparison between the effect of work roll cross angle and work roll 
shifting value on theoretical rolling force. The rolling force was observed to be decreased 
with an increase of work roll cross angle and work roll shifting value at 0 work roll cross 
angle and no work roll shifting respectively. However, the rolling force reduction is more 
significant in case of work roll cross angle. As work roll shifting value increased, the 
rolling force reduced by about 9kN (Fig. 7.14a), however, this reduction in rolling force 
increases in case of work roll cross angle by about 17 kN. Additionally, with the higher 
work roll cross angle (1
°
) and higher work roll shifting value (8 mm), the reduction of the 
rolling force become more significant as shown in Fig. 7.14b. This is might be as a result of 
reducing the contact area between the work roll and the strip. Also, when the upper and 
lower work rolls are shifted to the opposite directions by the same amount, the rolling force 
distribution between the rolls changes. This action affects the overall rolling force and 
makes it be reduced; also, the work roll shifting method can help to avoid asymmetrical roll 
wear by causing the rolling force to be reduced.  
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Figure 7.14 Effect of 1.1 speed ratio of WRC and WRS value on rolling force (a) low WRC and 
WRS, and (b) high WRC and WRS 
7.11.2 Effect of 1.2 speed ratio on the theoretical rolling force 
Under the effect of 1.2 speed ratio, the rolling force that required with no work roll shifting 
and no work roll cross angle was ~108 kN. This rolling force decreases as the work roll 
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cross angle and work roll shifting values are increased as shown in Fig. 7.15a. In the case of 
increasing the work roll cross angle and work roll shifting value to 1
°
, and 8 mm 
respectively, the required rolling force dropped to about 85 kN as shown in Fig. 7.15b, 
which means that the rolling force decreased by about 22 kN by increasing work roll cross 
angle and work roll shifting. That is because the work roll cross angle can adapt the gap 
between the upper and lower work rolls which leads to reduce the overall rolling force. 
Furthermore, in case of increasing the work roll shifting value, the contact area between the 
upper and the lower work rolls decreases, so that less rolling force is applied on the top and 
bottom work rolls, which then reduces the total rolling force. 
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Figure 7.15 Effect of 1.2 speed ratio of WRC and WRS value on rolling force (a) low WRC and 
WRS, and (b) high WRC and WRS 
7.11.3 Effect of 1.3 speed ratio on the theoretical rolling force 
The effect of speed ratio of 1.3 on rolling force is shown in Fig. 7.16. Fig 7.16a shows the 
effect of no work roll cross angle and no work roll shifting value on rolling force. The 
rolling force was found to be decreased by about 16 kN as the work roll cross angle 
increases from 0 to 1
°
. As work rolls shifting value increases from 0 to 8 mm, the rolling 
force decreases by about 8 kN. Either by increasing the work rolls cross angle to 1
°
 or work 
roll shifting value to 8 mm (Fig. 7.16b), the rolling force has been significantly decreased. 
This shows that as the work roll cross angle increases, a uniform roll gap distribution 
throughout the contact area is obtained resulting in a low resistance to the transverse flow 
of material. Increasing work roll shifting value produces uniform distribution of rolling 
force, however, it does not reduce the rolling force as much as work roll cross angle. 
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Moreover, the reason behind the reduction of the rolling force as the work roll cross angle 
increases is that the existence of the cross shear region which significantly reduces the 
rolling force.  
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Figure 7.16 Effect of 1.3 speed ratio of WRC and WRS value on rolling force (a) low WRC and 
WRS, and (b) high WRC and WRS 
7.11.4 Effect of reduction ratio on theoretical rolling force 
Figs. 7.17 a, 7.17 b and 7.17 c show the effect of reduction ratio on rolling force at various 
work rolls cross angles at 1.1, 1.2 and 1.3 speed ratios respectively. And it can be seen that 
the rolling force is higher for the higher reduction (30%) than that of 20% reduction for the 
3 cases of speed ratios. This is attributed to the large rolling force that is required to deform 
the material with 30% reduction. Therefore, the increase of reduction ratio does not 
significantly reduce the rolling force. For the same reduction, the rolling force has dropped 
significantly with an increase in work roll cross angle from 0 to 1
°
. This means that 
increasing work roll cross angle can create a uniform roll gap distribution that helps to 
reduce the rolling force during cold strip rolling process. 
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Figure 7.17 Effects of (a) speed ratio of 1.1, (b) speed ration of 1.2, and (c) speed ratio of 1.3 on 
rolling force at reduction ratio 20% vs 30% 
7.11.5Effect of asymmetrical rolling process of speed ratios1.1, 1.2 vs 1.3 on the 
theoretical rolling force 
Figs. 7.18a and 7.18b show the effect of work roll cross angle on the rolling force at 
different rolling speed ratios at no work roll shifting. It can be seen with the increase of 
work roll cross angle, the rolling force decreases dramatically for speed ratios 1.1, 1.2 and 
1.3at both 20 and 30% reductions. Moreover, the rolling force decreased by about 5 kN as 
the speed ratio increased from 1.1, 1.2 and 1.3 for both reductions (20 and 30%).This shows 
that as the difference between the upper and the lower work roll diameters increases, the 
speed ratio increases, and as the speed ratio increases, the cross shear region will increase, 
and hence the rolling force significantly decreases.  
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Figure 7.18 Effects of different speed ratios on rolling force for (a) 20% reduction, and (b) 30% 
reduction 
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7.11.6Comparingtheoretical rolling force to experimental rolling force results 
In order to verify the validity of the experimental rolling force results, a comparison of the 
theoretical rolling force against experimental results has been conducted. Figs. 7.19a and 
7.19b show the effect of work roll cross angle on theoretical rolling force compared to 
experimental rolling force at speed ratios 1.1 and 1.3 respectively for 20 and 30% 
reductions. In 1.1 speed ratio of 30% reduction, a theoretical and experimental rolling force 
of about 135 kN, is required without work roll shifting. As the work roll cross angle 
increased from 0 to 1
°
, the theoretical rolling force decreased to about 115 kN, however, the 
experimental rolling force decreased to 120 kN. However, for 20% reduction a theoretical 
and experimental rolling force of about 112 kN is required without work roll shifting. This 
rolling force decreased to 95 kN and 100 kN for theoretical and experimental results 
respectively.  
 
Similarly for 1.3 speed ratio, the theoretical and experimental rolling forces have similarly 
decreased as work roll cross angle is decreased from 0 to 1
°
. It can be seen from Figs. 7.19a 
and 7.19b that the theoretical rolling forces are in an agreement to the experimental results. 
Therefore, the theoretical rolling force calculation method using MatLab software can 
reasonably predict and validate the rolling force during asymmetrical cold rolling of thin 
strip with consideration of work roll cross and work roll shifting.  
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Figure 7.19 Theoretical rolling forces compared to experimental rolling forces at reduction ratio of 
20 and 30% for (a) speed ratio 1.1, and (b) speed ratio 1.3 
7.12 Summary 
Results indicate that as the work roll cross angle increases from 0 to 1
°
, and work roll 
shifting value increases from 0 to 8 mm, the theoretical rolling force reduces under 
asymmetrical rolling process. However, the effect of work roll cross angle is more 
significant compared to the effect of work roll shifting value.  
 
Results also indicate that increasing speed ratio can reduce the rolling force. A higher 
speed ratio of 1.3 decreases the rolling pressure on the work rolls, therefore reducing 
the rolling force. 
 
There is a good agreement between the measured and theoretical rolling forces, which 
means that the developed theoretical method can predict the rolling force during 
asymmetrical cold rolling of thin strip with consideration of work roll cross and 
shifting.  
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Chapter 8 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
8.1. Introduction 
 
This final chapter discusses the results that were obtained in this thesis and draws 
conclusions from these results in order to fulfil the aims and objectives that were defined in 
Chapter 1 of this thesis. The recommendations on further research shall be made in order to 
keep advancing the research that is being conducted in this field of engineering. 
 
This present study has carried out experimental as well as theoretical methods to investigate 
the effect of different rolling parameters on strip shape and profile during cold rolling of 
strip under the effect of asymmetrical rolling process, including speed ratios 1.1 and 1.3. 
The effects of work roll cross angle, work roll shifting value, strip width, rolling speed, 
thickness reduction and lubrication have been analysed. Some parameters related to the 
microstructures such as the grain size and distribution, and also strip hardness has also been 
considered. With this understanding of the characteristics of the strip shape and profile and 
mechanical properties, a controlled cold rolling procedure is expected to improve the 
quality of the final product with minimal cost. 
 
8.2 General conclusions 
8.2.1 Influence of different rolling parameters on the quality of the rolled strip 
Through the experiments and the theoretical analysis of this study, the effects of work roll 
shifting value, work roll cross angle, rolling speed, reduction percentage, strip width and 
lubrication condition under asymmetrical rolling at 1.1 and 1.3 speed ratios on strip shape 
and profile, rolling force, microstructure and strip hardness were deeply investigated and 
the following results were obtained:  
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1. The new system of cold rolling of thin strip including the combination of work roll 
cross angle and work roll shifting value was experimentally and mathematically 
investigated. 
2. The work rolls cross angle (0, 0.5° and 1°) and work rolls shifting (0, ± 4 mm, ± 8 
mm) have a significant improvement in strip profile, strip crown and edge with 
corresponding reduction in strip thickness. However, the efficiency is more 
significant with the change of work rolls cross angle than work roll shifting value. 
There was also a significant reduction in rolling force. The local roll wear was 
reduced when the work roll shifting method was used.  
3. It was found that the cumulative effect of WRC combined with WRS noticeably 
improve strip shape and profile. The strip profile significantly improves with WRC 
at maximum WRS of 8 mm. Similarly, the strip profile improved with increasing 
WRS at the maximum WRC of 1
°
. Furthermore, at a higher speed ratio of 1.3 with 
otherwise the same conditions of rolling, the strip profile was almost horizontal. 
Therefore, increasing WRS and WRC produce the most improved strip profile for 
the given rolling parameters.  
4. The effect of WRC combined with WRS on the rolling force was extraordinary. 
When WRC angle is increased from 0 to 1
°
 at 8 mm WRS, the rolling force sharply 
decreased, especially if the rolling speed ratio is increased to 1.3. This is also true 
for increasing WRS at 1
°
 WRC with other conditions the same. 
5. The practical measurements have demonstrated that the rolling speed was not 
significant in terms of strip profile. However, the strip profile was improve when 
there was a combination of higher rolling speed and higher speed ratio. 
6. The influence of WRC and WRS on the exit strip crown and/or edge drop was 
significant. The edge drop and strip crown significantly decreased as the WRC and 
WRS increased, especially when the work roll cross angle is combined with work 
roll shifting.  
7. Higher reduction ratio ensures a better exit strip shape which is attributed to 
uniform distribution of rolling forces in the roll gap.   
8. An increase in the strip width from 80 mm to 100 mm increased the required 
rolling force. The difference in rolling force with increased strip width is 
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approximately the same at both speed ratios. However, the strip profile tends to 
become better with a smaller strip width, which helps to reduce rolling force.  
9. The strip profile was significantly improved with lubricated conditions compared 
to dry rolling under otherwise the same operating conditions. This is because the 
lubricant provides a suitable viscosity which is needed to reduce the friction needed 
between the work rolls and the strip, as a result the rolling force is reduced and the 
strip profile is improved.  
10. There is not significant change in microstructure in terms of grain size and 
distribution with a change of work roll cross angle, work roll shifting value, strip 
width, rolling speed, thickness reduction and lubrication.  
11. The strip hardness was found to be decreased with increasing work roll cross angle 
irrespective of reduction ratio. Even at the higher speed ratio of 1.3, the strip 
hardness was found to be decreased with an increasing work roll cross angle. The 
strip hardness was decreased even more with the presence of lubrication. 
12. The effect of speed ratio (1.1 and 1.3) was significant. A nearly flat strip profile is 
produced at a higher speed ratio regardless of the reduction ratio, especially when 
work roll cross angle and work roll shifting are combined.  
13. A  higher speed ratio in combination with optimum rolling parameters such as 
high work roll cross angle results in a highly improved strip profile, and lower 
rolling force.  
14. The effect of rolling parameters was similar during 1st, 2nd and 3rd passes, 
although it is implied that the strip thickness is consequently reduced during 
multiple passes. 
15. Overall, the work roll shifting and work roll cross angle improve the strip profile 
under asymmetrical cold rolling process at speed ratios 1.1 and 1.3. These two 
parameters have a primary influence on the strip profile and rolling force which can 
further be improved by optimising other rolling parameters such as rolling speed, 
strip width, reduction and lubrication.  
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8.2.2 Theoretical conclusions 
The proposed method for predicting the required rolling force during cold rolling process at 
speed ratios 1.1 and 1.3 was useful to produce defect-free rolled strip in strip rolling. 
 Rolling force is considered to be the most imperative parameter of cold strip rolling. 
The accuracies of strip thickness distribution and flatness are directly in relation to 
the rolling force, and the condition of high rolling load was investigated in this 
research.  
 The existence of friction between the work rolls and the strip can increase the 
frictional rolling force and cause problems during the operation of the rolling mill, 
which as a result can produce a poor quality of rolled strip. 
 A computational model using Matlab software for calculating the rolling force in 
the condition of work roll cross angle and work roll shifting was developed and 
analysed in this study.  
 The developed computational model showed that the rolling force decreased 
significantly as the work roll cross angle and work roll shifting value were increased 
(by about 15% and 8% respectively). Moreover, the rolling force was reduced more 
when the work roll cross angle was combined with work roll shifting (rolling force 
decreased by about 21%).  
 The influence of speed ratios 1.1, 1.2 and 1.3 on the rolling force was significant. 
The rolling force decreases by about (8%) as the speed ratio increases from 1.1 - 
1.3.  
 The measured rolling forces show good agreement with the theoretical rolling force 
results. This indicates that the developed calculated model can predict the rolling 
force during asymmetrical cold rolling of thin strip with consideration of work roll 
cross angle and work roll shifting.  
 
8.2.3 Conclusion 
The objectives of the thesis were met through the research undertaken to complete this 
work. An extensive literature review was performed, an experimental process was 
implemented, and then the calculation model to predict the rolling force was developed. 
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The effects of rolling process parameters on the rolling mechanics and thus strip shape and 
profile were discussed. Strip width, rolling speed and reduction has minimal effect on strip 
shape and profile, microstructure, rolling force and hardness.  
Lubrication assisted in reducing the rolling force and strip hardness, and improving the strip 
profile, however did not have much effect on microstructure. Strip shape was improved 
significantly with increasing work roll cross angle and work roll shifting value. The effect 
of the combination of work roll cross angle and work roll shifting value on the strip shape 
and profile and the rolling force were the most primary results among all the rolling 
parameters involved in this study.  
 
This study is useful in analysing the relationships between rolling process parameters, 
rolling mechanics, and strip shape and profile in asymmetrical cold rolling of thin strip. By 
applying the work roll cross angle and work roll shifting values the strip profile is 
improved. 
 
8.3 Future work and recommendations 
This section of the thesis lists the recommendations for further research that could and/or 
should be taken in this field of research. The recommendations are made from the results of 
the work that was completed in this thesis, whether it is from a phenomenon that was 
experienced, a questionable result or the identification of a need for further research into 
that topic area. 
Further study is required for thin strip rolling considering the effect of asymmetrical 
systems of speed ratio higher than 1.3 to check if the strip shape and profile could be 
improved further. This work should be compared with the existing models and data 
obtained from the work roll crossing and shifting rolling system.  
Further research into other parameters affecting the quality of strip profile is critical in 
developing models for strip quality control. This research may include different initial 
thickness, and considering the effect of the initial strip shape on the final strip shape. 
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The experimental data obtained from this thesis requires further comparison with the 
numerical (simulation) models. This analysis will assist in the development of the models 
for industrial scale rolling processes. 
Only one type of lubrication was used in this research. Further study could implement the 
use of range of different lubricants to investigate the effect of lubrication on the roll bite 
pressure distribution and thus the effect of friction, which will discover the effect of 
lubrication on the strip shape as well. 
Further research is needed into the effect of the rolling speed, width and reductions on the 
shape and profile of the thin strip as the they were limited to (20 and 30rpm), (80 and 100 
mm) and (20 and 30%) respectively in this study. They are important rolling parameters 
and the effects of them need to be studied further. 
Further research is needed to include a wide range of materials such as high strength steel 
to identify their effect on the strip shape and flatness of the rolled strip. This work should 
be compared with the existing models and data obtained from the work roll crossing and 
shifting rolling system. 
Other objectives could be involved in further studies, such as texture and surface roughness 
observations/measurements which are crucial to identify their impact on the rolled strip 
quality.  
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Appendix A 
 
HILLE 100 ROLLS SPECIFICATION DRAWING 
 
Work rolls specification drawing 
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Backup rolls specification drawing 
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Appendix B 
 
COLD ROLLING MEASUREMENT SPREAD SHEET (1st pass) 
1. Low Carbon Steel – 1.1 – Dry – 1st  pass 
 
 
 
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.1AAB11A 1st 0.5 20% 0.4 20% 0.3915 0.396 0.3995 0.40375 0.40825 0.41125 0.412 0.41125 0.40825 0.40375 0.3995 0.396 0.3915
1.1AAB11B 1st 0.5 20% 0.4 20% 0.3925 0.397 0.40075 0.40575 0.41025 0.41275 0.4135 0.41275 0.41025 0.40575 0.40075 0.397 0.3925
1.1BAB11A 1st 0.5 20% 0.4 20% 0.39775 0.4025 0.40525 0.4095 0.41275 0.41475 0.4155 0.41475 0.41275 0.4095 0.40525 0.4025 0.39775
1.1BAB11B 1st 0.5 20% 0.4 20% 0.396 0.4005 0.403 0.40775 0.411 0.41325 0.4145 0.41325 0.411 0.40775 0.403 0.4005 0.396
1.1CAB11A 1st 0.5 20% 0.4 20% 0.3915 0.39425 0.3955 0.4 0.403 0.404 0.4055 0.404 0.403 0.4 0.3955 0.39425 0.3915
1.1CAB11B 1st 0.5 20% 0.4 20% 0.3925 0.3955 0.397 0.402 0.405 0.40625 0.4075 0.40625 0.405 0.402 0.397 0.3955 0.3925
1.1ACB11A 1st 0.5 20% 0.4 20% 0.391 0.39325 0.39775 0.4015 0.404 0.40575 0.40725 0.40575 0.404 0.4015 0.39775 0.39325 0.391
1.1ACB11B 1st 0.5 20% 0.4 20% 0.392 0.39475 0.39925 0.40325 0.406 0.40725 0.40825 0.40725 0.406 0.40325 0.39925 0.39475 0.392
1.1BCB11A 1st 0.5 20% 0.4 20% 0.3995 0.40175 0.406 0.40925 0.412 0.41275 0.41375 0.41275 0.412 0.40925 0.406 0.40175 0.3995
1.1BCB11B 1st 0.5 20% 0.4 20% 0.3985 0.40025 0.404 0.4075 0.41 0.41125 0.41325 0.41125 0.41 0.4075 0.404 0.40025 0.3985
1.1CCB11A 1st 0.5 20% 0.4 20% 0.39625 0.3985 0.4 0.403 0.4055 0.406 0.40825 0.406 0.4055 0.403 0.4 0.3985 0.39625
1.1CCB11B 1st 0.5 20% 0.4 20% 0.39775 0.3995 0.401 0.405 0.40775 0.408 0.40975 0.408 0.40775 0.405 0.401 0.3995 0.39775
Strip profile measurement (100 mm width)
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-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.1AAB21A 1st 0.5 20% 0.4 20% 0.395 0.40025 0.4035 0.4085 0.414 0.414 0.41525 0.414 0.414 0.4085 0.4035 0.40025 0.395
1.1AAB21B 1st 0.5 20% 0.4 20% 0.394 0.39875 0.4025 0.4065 0.4125 0.412 0.4145 0.412 0.4125 0.4065 0.4025 0.39875 0.394
1.1BAB21A 1st 0.5 20% 0.4 20% 0.3955 0.3975 0.402 0.407 0.409 0.41 0.41125 0.41 0.409 0.407 0.402 0.3975 0.3955
1.1BAB21B 1st 0.5 20% 0.4 20% 0.3935 0.3965 0.4 0.404 0.407 0.409 0.40975 0.409 0.407 0.404 0.4 0.3965 0.3935
1.1CAB21A 1st 0.5 20% 0.4 20% 0.398 0.4025 0.4035 0.40825 0.40825 0.4095 0.411 0.4095 0.40825 0.40825 0.4035 0.4025 0.398
1.1CAB21B 1st 0.5 20% 0.4 20% 0.4 0.4015 0.4055 0.40925 0.40975 0.4105 0.413 0.4105 0.40975 0.40925 0.4055 0.4015 0.4
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Strip profile measurement (100 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12A 1st 0.5 30% 0.35 30% 0.3445 0.349 0.3515 0.357 0.3595 0.36075 0.3595 0.357 0.3515 0.349 0.3445
1.1AAA12B 1st 0.5 30% 0.35 30% 0.3425 0.348 0.3505 0.35575 0.3575 0.35925 0.3575 0.35575 0.3505 0.348 0.3425
1.1BAA12A 1st 0.5 30% 0.35 30% 0.34825 0.35 0.35475 0.3575 0.35925 0.362 0.35925 0.3575 0.35475 0.35 0.34825
1.1BAA12B 1st 0.5 30% 0.35 30% 0.34925 0.3512 0.35625 0.3595 0.36125 0.36325 0.36125 0.3595 0.35625 0.3512 0.34925
1.1CAA12A 1st 0.5 30% 0.35 30% 0.348 0.35 0.35275 0.355 0.35775 0.3585 0.35775 0.355 0.35275 0.35 0.348
1.1CAA12B 1st 0.5 30% 0.35 30% 0.347 0.3485 0.35175 0.354 0.35625 0.3565 0.35625 0.354 0.35175 0.3485 0.347
1.1ABA12A 1st 0.5 30% 0.35 30% 0.34925 0.3535 0.3565 0.3595 0.36325 0.36325 0.36325 0.3595 0.3565 0.3535 0.34925
1.1ABA12B 1st 0.5 30% 0.35 30% 0.34775 0.3525 0.355 0.3575 0.36275 0.36175 0.36275 0.3575 0.355 0.3525 0.34775
1.1BBA12A 1st 0.5 30% 0.35 30% 0.34725 0.3505 0.3525 0.358 0.35825 0.3605 0.35825 0.358 0.3525 0.3505 0.34725
1.1BBA12B 1st 0.5 30% 0.35 30% 0.34675 0.3495 0.3505 0.357 0.35675 0.3585 0.35675 0.357 0.3505 0.3495 0.34675
1.1CBA12A 1st 0.5 30% 0.35 30% 0.353 0.3535 0.3565 0.359 0.3605 0.3615 0.3605 0.359 0.3565 0.3535 0.353
1.1CBA12B 1st 0.5 30% 0.35 30% 0.35 0.3515 0.3555 0.357 0.3575 0.3605 0.3575 0.357 0.3555 0.3515 0.35
1.1ACA12A 1st 0.5 30% 0.35 30% 0.34275 0.345 0.34975 0.3525 0.3555 0.355 0.3555 0.3525 0.34975 0.345 0.34275
1.1ACA12B 1st 0.5 30% 0.35 30% 0.34175 0.344 0.34775 0.351 0.35375 0.35275 0.35375 0.351 0.34775 0.344 0.34175
1.1BCA12A 1st 0.5 30% 0.35 30% 0.34975 0.352 0.355 0.358 0.3595 0.35925 0.3595 0.358 0.355 0.352 0.34975
1.1BCA12B 1st 0.5 30% 0.35 30% 0.34825 0.351 0.35225 0.35675 0.3575 0.35775 0.3575 0.35675 0.35225 0.351 0.34825
1.1CCA12A 1st 0.5 30% 0.35 30% 0.34625 0.3475 0.34925 0.351 0.3525 0.353 0.3525 0.351 0.34925 0.3475 0.34625
1.1CCA12B 1st 0.5 30% 0.35 30% 0.34475 0.3465 0.348 0.35 0.3505 0.352 0.3505 0.35 0.348 0.3465 0.34475
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Strip profile measurement (80 mm width)
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-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.1AAB12A 1st 0.5 30% 0.35 30% 0.3425 0.348 0.3515 0.3575 0.3585 0.3625 0.362 0.3625 0.3585 0.3575 0.3515 0.348 0.3425
1.1AAB12B 1st 0.5 30% 0.35 30% 0.3415 0.345 0.3505 0.3555 0.3575 0.3605 0.361 0.3605 0.3575 0.3555 0.3505 0.345 0.3415
1.1BAB12A 1st 0.5 30% 0.35 30% 0.34875 0.354 0.3545 0.35925 0.3615 0.364 0.36425 0.364 0.3615 0.35925 0.3545 0.354 0.34875
1.1BAB12B 1st 0.5 30% 0.35 30% 0.34825 0.352 0.3535 0.35775 0.3595 0.363 0.36375 0.363 0.3595 0.35775 0.3535 0.352 0.34825
1.1CAB12A 1st 0.5 30% 0.35 30% 0.347 0.348 0.35075 0.3525 0.35475 0.3575 0.3585 0.3575 0.35475 0.3525 0.35075 0.348 0.347
1.1CAB12B 1st 0.5 30% 0.35 30% 0.348 0.35 0.35125 0.3555 0.35625 0.3595 0.3595 0.3595 0.35625 0.3555 0.35125 0.35 0.348
1.1ABB12A 1st 0.5 30% 0.35 30% 0.3475 0.352 0.355 0.3615 0.36275 0.363 0.365 0.363 0.36275 0.3615 0.355 0.352 0.3475
1.1ABB12B 1st 0.5 30% 0.35 30% 0.3465 0.35 0.354 0.3585 0.36125 0.361 0.364 0.361 0.36125 0.3585 0.354 0.35 0.3465
1.1CBB12A 1st 0.5 30% 0.35 30% 0.351 0.35325 0.356 0.3585 0.3585 0.3605 0.36075 0.3605 0.3585 0.3585 0.356 0.35325 0.351
1.1CBB12B 1st 0.5 30% 0.35 30% 0.35 0.35175 0.353 0.3575 0.356 0.3595 0.35925 0.3595 0.356 0.3575 0.353 0.35175 0.35
1.1ACB12A 1st 0.5 30% 0.35 30% 0.345 0.34775 0.35 0.35425 0.35525 0.358 0.35925 0.358 0.35525 0.35425 0.35 0.34775 0.345
1.1ACB12B 1st 0.5 30% 0.35 30% 0.346 0.34925 0.352 0.35475 0.35675 0.36 0.35975 0.36 0.35675 0.35475 0.352 0.34925 0.346
1.1BCB12A 1st 0.5 30% 0.35 30% 0.34325 0.3455 0.3485 0.351 0.35375 0.35275 0.35525 0.35275 0.35375 0.351 0.3485 0.3455 0.34325
1.1BCB12B 1st 0.5 30% 0.35 30% 0.34475 0.3475 0.3495 0.35325 0.35475 0.35425 0.3575 0.35425 0.35475 0.35325 0.3495 0.3475 0.34475
1.1CCB12A 1st 0.5 30% 0.35 30% 0.356 0.35625 0.35825 0.359 0.362 0.36275 0.363 0.36275 0.362 0.359 0.35825 0.35625 0.356
1.1CCB12B 1st 0.5 30% 0.35 30% 0.354 0.35475 0.35575 0.358 0.36 0.36225 0.362 0.36225 0.36 0.358 0.35575 0.35475 0.354
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1.1AAA22A 1st 0.5 30% 0.35 30% 0.34925 0.355 0.3555 0.3615 0.36475 0.3645 0.36475 0.3615 0.3555 0.355 0.34925
1.1AAA22B 1st 0.5 30% 0.35 30% 0.34875 0.353 0.3545 0.3595 0.36425 0.3635 0.36425 0.3595 0.3545 0.353 0.34875
1.1BAA22A 1st 0.5 30% 0.35 30% 0.3465 0.35125 0.352 0.35725 0.3585 0.3585 0.3585 0.35725 0.352 0.35125 0.3465
1.1BAA22B 1st 0.5 30% 0.35 30% 0.3485 0.35225 0.355 0.35875 0.3595 0.3615 0.3595 0.35875 0.355 0.35225 0.3485
1.1CAA22A 1st 0.5 30% 0.35 30% 0.351 0.353 0.35575 0.359 0.357 0.36 0.357 0.359 0.35575 0.353 0.351
1.1CAA22B 1st 0.5 30% 0.35 30% 0.353 0.354 0.35725 0.36 0.3605 0.362 0.3605 0.36 0.35725 0.354 0.353
1.1ABA22A 1st 0.5 30% 0.35 30% 0.35175 0.3565 0.35725 0.3635 0.3635 0.3645 0.3635 0.3635 0.35725 0.3565 0.35175
1.1ABA22B 1st 0.5 30% 0.35 30% 0.35025 0.3545 0.35625 0.3625 0.3615 0.3635 0.3615 0.3625 0.35625 0.3545 0.35025
1.1BBA22A 1st 0.5 30% 0.35 30% 0.34725 0.3505 0.352 0.35525 0.35575 0.358 0.35575 0.35525 0.352 0.3505 0.34725
1.1BBA22B 1st 0.5 30% 0.35 30% 0.34875 0.3525 0.354 0.35775 0.35725 0.36 0.35725 0.35775 0.354 0.3525 0.34875
1.1CBA22A 1st 0.5 30% 0.35 30% 0.3545 0.356 0.35925 0.362 0.36175 0.363 0.36175 0.362 0.35925 0.356 0.3545
1.1CBA22B 1st 0.5 30% 0.35 30% 0.3535 0.355 0.35775 0.36 0.36025 0.362 0.36025 0.36 0.35775 0.355 0.3535
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1.1AAB22A 1st 0.5 30% 0.35 30% 0.345 0.34825 0.3515 0.3575 0.35875 0.359 0.3625 0.359 0.35875 0.3575 0.3515 0.34825 0.345
1.1AAB22B 1st 0.5 30% 0.35 30% 0.34725 0.34975 0.3535 0.3585 0.36025 0.3615 0.3635 0.3615 0.36025 0.3585 0.3535 0.34975 0.34725
1.1BAB22A 1st 0.5 30% 0.35 30% 0.347 0.34925 0.3525 0.3565 0.358 0.35825 0.3605 0.35825 0.358 0.3565 0.3525 0.34925 0.347
1.1BAB22B 1st 0.5 30% 0.35 30% 0.346 0.34775 0.3515 0.3555 0.356 0.35725 0.3585 0.35725 0.356 0.3555 0.3515 0.34775 0.346
1.1CAB22A 1st 0.5 30% 0.35 30% 0.3555 0.3575 0.35975 0.36275 0.363 0.3645 0.36525 0.3645 0.363 0.36275 0.35975 0.3575 0.3555
1.1CAB22B 1st 0.5 30% 0.35 30% 0.3535 0.3565 0.35725 0.36125 0.361 0.3635 0.36475 0.3635 0.361 0.36125 0.35725 0.3565 0.3535
1.1ABB22A 1st 0.5 30% 0.35 30% 0.34575 0.3455 0.3495 0.35275 0.3545 0.3565 0.35825 0.3565 0.3545 0.35275 0.3495 0.3455 0.34575
1.1ABB22B 1st 0.5 30% 0.35 30% 0.34425 0.3435 0.34625 0.35125 0.3525 0.3555 0.35575 0.3555 0.3525 0.35125 0.34625 0.3435 0.34425
1.1BBB22A 1st 0.5 30% 0.35 30% 0.3505 0.354 0.35475 0.3595 0.36175 0.3615 0.36275 0.3615 0.36175 0.3595 0.35475 0.354 0.3505
1.1BBB22B 1st 0.5 30% 0.35 30% 0.3495 0.35275 0.353 0.35725 0.36025 0.3595 0.36125 0.3595 0.36025 0.35725 0.353 0.35275 0.3495
1.1CBB22A 1st 0.5 30% 0.35 30% 0.347 0.34875 0.3505 0.353 0.356 0.3555 0.3575 0.3555 0.356 0.353 0.3505 0.34875 0.347
1.1CBB22B 1st 0.5 30% 0.35 30% 0.349 0.35025 0.35275 0.356 0.358 0.3575 0.3585 0.3575 0.358 0.356 0.35275 0.35025 0.349
Strip profile measurement (100 mm width)
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2. Low Carbon Steel – 1.1 – Lubricated – 1st pass 
 
 
 
 
 
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.1AAB11AL 1st 0.5 20% 0.4 20% 0.398 0.402 0.404 0.40975 0.4125 0.414 0.415 0.414 0.4125 0.40975 0.404 0.402 0.398
1.1AAB11BL 1st 0.5 20% 0.4 20% 0.396 0.4005 0.403 0.408 0.412 0.41275 0.41325 0.41275 0.412 0.408 0.403 0.4005 0.396
1.1BAB11AL 1st 0.5 20% 0.4 20% 0.39625 0.399 0.40275 0.40675 0.408 0.40975 0.4105 0.40975 0.408 0.40675 0.40275 0.399 0.39625
1.1BAB11BL 1st 0.5 20% 0.4 20% 0.3975 0.4 0.40125 0.40575 0.40875 0.4115 0.412 0.4115 0.40875 0.40575 0.40125 0.4 0.3975
1.1CAB11AL 1st 0.5 20% 0.4 20% 0.4015 0.40375 0.4065 0.40875 0.41075 0.4125 0.4125 0.4125 0.41075 0.40875 0.4065 0.40375 0.4015
1.1CAB11BL 1st 0.5 20% 0.4 20% 0.4 0.4025 0.40475 0.407 0.4095 0.4105 0.4115 0.4105 0.4095 0.407 0.40475 0.4025 0.4
1.1ACB11AL 1st 0.5 20% 0.4 20% 0.39575 0.4005 0.40125 0.40625 0.407 0.40875 0.4095 0.40875 0.407 0.40625 0.40125 0.4005 0.39575
1.1ACB11BL 1st 0.5 20% 0.4 20% 0.39675 0.3985 0.40225 0.408 0.40825 0.41025 0.41175 0.41025 0.40825 0.408 0.40225 0.3985 0.39675
1.1BCB11AL 1st 0.5 20% 0.4 20% 0.40125 0.403 0.40725 0.4085 0.41275 0.41275 0.41325 0.41275 0.41275 0.4085 0.40725 0.403 0.40125
1.1BCB11BL 1st 0.5 20% 0.4 20% 0.4005 0.40125 0.40575 0.4075 0.4105 0.411 0.41175 0.411 0.4105 0.4075 0.40575 0.40125 0.4005
1.1CCB11AL 1st 0.5 20% 0.4 20% 0.407 0.408 0.4105 0.4125 0.414 0.4145 0.41625 0.4145 0.414 0.4125 0.4105 0.408 0.407
1.1CCB11BL 1st 0.5 20% 0.4 20% 0.405 0.407 0.4095 0.41 0.412 0.4135 0.41375 0.4135 0.412 0.41 0.4095 0.407 0.405
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Strip profile measurement (100 mm width)
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.1AAB21AL 1st 0.5 20% 0.4 20% 0.3995 0.40325 0.4055 0.4105 0.414 0.415 0.41575 0.415 0.414 0.4105 0.4055 0.40325 0.3995
1.1AAB21BL 1st 0.5 20% 0.4 20% 0.397 0.401 0.404 0.409 0.41275 0.4135 0.41375 0.4135 0.41275 0.409 0.404 0.401 0.397
1.1BAB21AL 1st 0.5 20% 0.4 20% 0.3975 0.3995 0.402 0.40575 0.4085 0.4095 0.41 0.4095 0.4085 0.40575 0.402 0.3995 0.3975
1.1BAB21BL 1st 0.5 20% 0.4 20% 0.3955 0.399 0.401 0.405 0.407 0.40825 0.40875 0.40825 0.407 0.405 0.401 0.399 0.3955
1.1CAB21AL 1st 0.5 20% 0.4 20% 0.398 0.4005 0.401 0.405 0.40625 0.40775 0.4075 0.40775 0.40625 0.405 0.401 0.4005 0.398
1.1CAB21BL 1st 0.5 20% 0.4 20% 0.397 0.399 0.4 0.404 0.4055 0.4065 0.40675 0.4065 0.4055 0.404 0.4 0.399 0.397
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12AL 1st 0.5 30% 0.35 30% 0.35 0.354 0.35725 0.3615 0.364 0.3645 0.364 0.3615 0.35725 0.354 0.35
1.1AAA12BL 1st 0.5 30% 0.35 30% 0.34975 0.3535 0.3565 0.36 0.36325 0.364 0.36325 0.36 0.3565 0.3535 0.34975
1.1BAA12AL 1st 0.5 30% 0.35 30% 0.348 0.35175 0.35325 0.35625 0.3575 0.3585 0.3575 0.35625 0.35325 0.35175 0.348
1.1BAA12BL 1st 0.5 30% 0.35 30% 0.34775 0.3505 0.3525 0.35575 0.358 0.3595 0.358 0.35575 0.3525 0.3505 0.34775
1.1CAA12AL 1st 0.5 30% 0.35 30% 0.35225 0.35475 0.3565 0.359 0.3595 0.361 0.3595 0.359 0.3565 0.35475 0.35225
1.1CAA12BL 1st 0.5 30% 0.35 30% 0.35175 0.3535 0.3555 0.35825 0.359 0.36 0.359 0.35825 0.3555 0.3535 0.35175
1.1ABA12AL 1st 0.5 30% 0.35 30% 0.34525 0.34925 0.35225 0.35575 0.35825 0.35875 0.35825 0.35575 0.35225 0.34925 0.34525
1.1ABA12BL 1st 0.5 30% 0.35 30% 0.347 0.35025 0.3535 0.35725 0.35925 0.36025 0.35925 0.35725 0.3535 0.35025 0.347
1.1ACA12AL 1st 0.5 30% 0.35 30% 0.3505 0.35375 0.356 0.36 0.36125 0.36225 0.36125 0.36 0.356 0.35375 0.3505
1.1ACA12BL 1st 0.5 30% 0.35 30% 0.34975 0.35325 0.355 0.3585 0.36 0.36075 0.36 0.3585 0.355 0.35325 0.34975
1.1BCA12AL 1st 0.5 30% 0.35 30% 0.35175 0.35375 0.35475 0.3575 0.35875 0.35975 0.35875 0.3575 0.35475 0.35375 0.35175
1.1BCA12BL 1st 0.5 30% 0.35 30% 0.353 0.3555 0.356 0.359 0.35975 0.36125 0.35975 0.359 0.356 0.3555 0.353
1.1CCA12AL 1st 0.5 30% 0.35 30% 0.3485 0.35 0.351 0.3525 0.353 0.3545 0.353 0.3525 0.351 0.35 0.3485
1.1CCA12BL 1st 0.5 30% 0.35 30% 0.34725 0.35075 0.353 0.35175 0.3525 0.3535 0.3525 0.35175 0.353 0.35075 0.34725
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Strip profile measurement (80 mm width)
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3. Low Carbon Steel – 1.3 – Dry – 1st pass 
 
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.1ACB12AL 1st 0.5 30% 0.35 30% 0.348 0.34925 0.3525 0.35525 0.358 0.3595 0.35975 0.3595 0.358 0.35525 0.3525 0.34925 0.348
1.1ACB12BL 1st 0.5 30% 0.35 30% 0.349 0.3505 0.3535 0.356 0.3585 0.36025 0.3605 0.36025 0.3585 0.356 0.3535 0.3505 0.349
1.1BCB12AL 1st 0.5 30% 0.35 30% 0.3525 0.35475 0.3565 0.35825 0.36075 0.36175 0.362 0.36175 0.36075 0.35825 0.3565 0.35475 0.3525
1.1BCB12BL 1st 0.5 30% 0.35 30% 0.3515 0.353 0.355 0.35725 0.35925 0.36 0.36075 0.36 0.35925 0.35725 0.355 0.353 0.3515
1.1CCB12AL 1st 0.5 30% 0.35 30% 0.358 0.3595 0.36025 0.36175 0.362 0.3635 0.36425 0.3635 0.362 0.36175 0.36025 0.3595 0.358
1.1CCB12BL 1st 0.5 30% 0.35 30% 0.3585 0.35925 0.35975 0.3625 0.363 0.36375 0.365 0.36375 0.363 0.3625 0.35975 0.35925 0.3585
Strip profile measurement (100 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1ABA22AL 1st 0.5 30% 0.35 30% 0.34775 0.351 0.3535 0.3575 0.359 0.3605 0.359 0.3575 0.3535 0.351 0.34775
1.1ABA22BL 1st 0.5 30% 0.35 30% 0.34925 0.35225 0.3555 0.35875 0.3605 0.3615 0.3605 0.35875 0.3555 0.35225 0.34925
1.1BBA22AL 1st 0.5 30% 0.35 30% 0.354 0.357 0.3585 0.3615 0.3625 0.364 0.3625 0.3615 0.3585 0.357 0.354
1.1BBA22BL 1st 0.5 30% 0.35 30% 0.35275 0.35775 0.3605 0.36075 0.362 0.363 0.362 0.36075 0.3605 0.35775 0.35275
1.1CBA22AL 1st 0.5 30% 0.35 30% 0.3525 0.3535 0.355 0.35825 0.35775 0.35875 0.35775 0.35825 0.355 0.3535 0.3525
1.1CBA22BL 1st 0.5 30% 0.35 30% 0.35325 0.35475 0.35575 0.35625 0.35875 0.36025 0.35875 0.35625 0.35575 0.35475 0.35325
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Strip profile measurement (80 mm width)
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.1ABB22AL 1st 0.5 30% 0.35 30% 0.348 0.3505 0.3525 0.357 0.3585 0.36 0.361 0.36 0.3585 0.357 0.3525 0.3505 0.348
1.1ABB22BL 1st 0.5 30% 0.35 30% 0.346 0.34925 0.3515 0.3555 0.358 0.35875 0.35925 0.35875 0.358 0.3555 0.3515 0.34925 0.346
1.1BBB22AL 1st 0.5 30% 0.35 30% 0.351 0.354 0.3555 0.35975 0.35875 0.3625 0.3635 0.3625 0.35875 0.35975 0.3555 0.354 0.351
1.1BBB22BL 1st 0.5 30% 0.35 30% 0.35275 0.355 0.357 0.3605 0.3605 0.36375 0.36375 0.36375 0.3605 0.3605 0.357 0.355 0.35275
1.1CBB22AL 1st 0.5 30% 0.35 30% 0.3495 0.3495 0.3525 0.35325 0.3555 0.3555 0.3575 0.3555 0.3555 0.35325 0.3525 0.3495 0.3495
1.1CBB22BL 1st 0.5 30% 0.35 30% 0.35025 0.351 0.3535 0.35425 0.35675 0.35725 0.3565 0.35725 0.35675 0.35425 0.3535 0.351 0.35025
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Strip profile measurement (100 mm width)
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-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3AAB11A 1st 0.5 20% 0.4 20% 0.394 0.3965 0.39825 0.40125 0.406 0.4085 0.409 0.4085 0.406 0.40125 0.39825 0.3965 0.394
1.3AAB11B 1st 0.5 20% 0.4 20% 0.395 0.3985 0.39975 0.40325 0.4075 0.4095 0.41 0.4095 0.4075 0.40325 0.39975 0.3985 0.395
1.3BAB11A 1st 0.5 20% 0.4 20% 0.39075 0.394 0.3955 0.39725 0.39975 0.4025 0.401 0.4025 0.39975 0.39725 0.3955 0.394 0.39075
1.3BAB11B 1st 0.5 20% 0.4 20% 0.39175 0.396 0.397 0.40025 0.40225 0.4045 0.403 0.4045 0.40225 0.40025 0.397 0.396 0.39175
1.3CAB11A 1st 0.5 20% 0.4 20% 0.39725 0.399 0.401 0.40375 0.407 0.406 0.406 0.406 0.407 0.40375 0.401 0.399 0.39725
1.3CAB11B 1st 0.5 20% 0.4 20% 0.39575 0.398 0.399 0.40275 0.4045 0.4045 0.404 0.4045 0.4045 0.40275 0.399 0.398 0.39575
1.3ACB11A 1st 0.5 20% 0.4 20% 0.3975 0.39925 0.4015 0.40575 0.4055 0.406 0.408 0.406 0.4055 0.40575 0.4015 0.39925 0.3975
1.3ACB11B 1st 0.5 20% 0.4 20% 0.3985 0.40075 0.4035 0.40725 0.4075 0.408 0.409 0.408 0.4075 0.40725 0.4035 0.40075 0.3985
1.3BCB11A 1st 0.5 20% 0.4 20% 0.3965 0.39825 0.3985 0.401 0.4025 0.40525 0.40575 0.40525 0.4025 0.401 0.3985 0.39825 0.3965
1.3BCB11B 1st 0.5 20% 0.4 20% 0.398 0.39975 0.40025 0.4025 0.4045 0.407 0.40725 0.407 0.4045 0.4025 0.40025 0.39975 0.398
1.3CCB11A 1st 0.5 20% 0.4 20% 0.395 0.3955 0.39675 0.3965 0.39725 0.4005 0.39925 0.4005 0.39725 0.3965 0.39675 0.3955 0.395
1.3CCB11B 1st 0.5 20% 0.4 20% 0.396 0.3975 0.39825 0.3985 0.39975 0.402 0.40225 0.402 0.39975 0.3985 0.39825 0.3975 0.396
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-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3AAB21A 1st 0.5 20% 0.4 20% 0.3915 0.393 0.397 0.4005 0.40275 0.403 0.4045 0.403 0.40275 0.4005 0.397 0.393 0.3915
1.3AAB21B 1st 0.5 20% 0.4 20% 0.39325 0.3945 0.398 0.4015 0.40425 0.404 0.4065 0.404 0.40425 0.4015 0.398 0.3945 0.39325
1.3BAB21A 1st 0.5 20% 0.4 20% 0.3965 0.39775 0.40075 0.402 0.406 0.407 0.40575 0.407 0.406 0.402 0.40075 0.39775 0.3965
1.3BAB21B 1st 0.5 20% 0.4 20% 0.3985 0.3995 0.40225 0.405 0.4075 0.409 0.40725 0.409 0.4075 0.405 0.40225 0.3995 0.3985
1.3CAB21A 1st 0.5 20% 0.4 20% 0.3925 0.39425 0.39675 0.39725 0.399 0.39925 0.4015 0.39925 0.399 0.39725 0.39675 0.39425 0.3925
1.3CAB21B 1st 0.5 20% 0.4 20% 0.3935 0.39525 0.39775 0.399 0.4005 0.40175 0.403 0.40175 0.4005 0.399 0.39775 0.39525 0.3935
1.3ABB21A 1st 0.5 20% 0.4 20% 0.39575 0.39725 0.39925 0.40475 0.405 0.406 0.40675 0.406 0.405 0.40475 0.39925 0.39725 0.39575
1.3ABB21B 1st 0.5 20% 0.4 20% 0.39425 0.39675 0.39775 0.40225 0.404 0.404 0.40525 0.404 0.404 0.40225 0.39775 0.39675 0.39425
1.3BBB21A 1st 0.5 20% 0.4 20% 0.397 0.39975 0.4 0.4035 0.4065 0.40525 0.407 0.40525 0.4065 0.4035 0.4 0.39975 0.397
1.3BBB21B 1st 0.5 20% 0.4 20% 0.399 0.40125 0.403 0.4045 0.4075 0.40675 0.4075 0.40675 0.4075 0.4045 0.403 0.40125 0.399
1.3CBB21A 1st 0.5 20% 0.4 20% 0.39475 0.39525 0.3965 0.39975 0.39975 0.4015 0.40175 0.4015 0.39975 0.39975 0.3965 0.39525 0.39475
1.3CBB21B 1st 0.5 20% 0.4 20% 0.39375 0.39375 0.3955 0.39725 0.39825 0.3995 0.40075 0.3995 0.39825 0.39725 0.3955 0.39375 0.39375
1.3ACB21A 1st 0.5 20% 0.4 20% 0.3945 0.395 0.397 0.4005 0.40225 0.40225 0.404 0.40225 0.40225 0.4005 0.397 0.395 0.3945
1.3ACB21B 1st 0.5 20% 0.4 20% 0.3965 0.396 0.399 0.4015 0.40375 0.40425 0.405 0.40425 0.40375 0.4015 0.399 0.396 0.3965
1.3BCB21A 1st 0.5 20% 0.4 20% 0.3965 0.399 0.39975 0.4015 0.4035 0.405 0.4055 0.405 0.4035 0.4015 0.39975 0.399 0.3965
1.3BCB21B 1st 0.5 20% 0.4 20% 0.3975 0.401 0.40125 0.4025 0.4055 0.406 0.407 0.406 0.4055 0.4025 0.40125 0.401 0.3975
1.3CCB21A 1st 0.5 20% 0.4 20% 0.3965 0.398 0.398 0.4005 0.399 0.40075 0.4015 0.40075 0.399 0.4005 0.398 0.398 0.3965
1.3CCB21B 1st 0.5 20% 0.4 20% 0.3985 0.399 0.4 0.4015 0.402 0.40225 0.4035 0.40225 0.402 0.4015 0.4 0.399 0.3985
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Strip profile measurement (100 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12A 1st 0.5 30% 0.35 30% 0.35125 0.35325 0.35625 0.3625 0.364 0.3645 0.364 0.3625 0.35625 0.35325 0.35125
1.3AAA12B 1st 0.5 30% 0.35 30% 0.34925 0.35225 0.35525 0.36125 0.362 0.3625 0.362 0.36125 0.35525 0.35225 0.34925
1.3BAA12A 1st 0.5 30% 0.35 30% 0.3505 0.3525 0.3545 0.358 0.35975 0.3615 0.35975 0.358 0.3545 0.3525 0.3505
1.3BAA12B 1st 0.5 30% 0.35 30% 0.3475 0.3505 0.3525 0.3575 0.35775 0.3595 0.35775 0.3575 0.3525 0.3505 0.3475
1.3CAA12A 1st 0.5 30% 0.35 30% 0.349 0.34975 0.35225 0.35525 0.356 0.3585 0.356 0.35525 0.35225 0.34975 0.349
1.3CAA12B 1st 0.5 30% 0.35 30% 0.348 0.34825 0.35025 0.35275 0.354 0.3555 0.354 0.35275 0.35025 0.34825 0.348
1.3ABA12A 1st 0.5 30% 0.35 30% 0.34875 0.35075 0.35425 0.3585 0.36 0.3605 0.36 0.3585 0.35425 0.35075 0.34875
1.3ABA12B 1st 0.5 30% 0.35 30% 0.34675 0.34925 0.35225 0.3575 0.358 0.3585 0.358 0.3575 0.35225 0.34925 0.34675
1.3ACA12A 1st 0.5 30% 0.35 30% 0.35125 0.35425 0.355 0.3585 0.35975 0.3615 0.35975 0.3585 0.355 0.35425 0.35125
1.3ACA12B 1st 0.5 30% 0.35 30% 0.35275 0.35575 0.3575 0.3595 0.36125 0.3625 0.36125 0.3595 0.3575 0.35575 0.35275
1.3BCA12A 1st 0.5 30% 0.35 30% 0.34625 0.34825 0.35075 0.352 0.3535 0.35475 0.3535 0.352 0.35075 0.34825 0.34625
1.3BCA12B 1st 0.5 30% 0.35 30% 0.34775 0.35025 0.35175 0.3535 0.3555 0.35725 0.3555 0.3535 0.35175 0.35025 0.34775
1.3CCA12A 1st 0.5 30% 0.35 30% 0.3545 0.35625 0.35675 0.3585 0.35925 0.3605 0.35925 0.3585 0.35675 0.35625 0.3545
1.3CCA12B 1st 0.5 30% 0.35 30% 0.3535 0.35525 0.35575 0.3565 0.35775 0.3595 0.35775 0.3565 0.35575 0.35525 0.3535
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-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3ACB12A 1st 0.5 30% 0.35 30% 0.3465 0.3495 0.35075 0.35525 0.35675 0.3575 0.35925 0.3575 0.35675 0.35525 0.35075 0.3495 0.3465
1.3ACB12B 1st 0.5 30% 0.35 30% 0.3485 0.3505 0.35225 0.35725 0.35775 0.3595 0.36175 0.3595 0.35775 0.35725 0.35225 0.3505 0.3485
1.3BCB12A 1st 0.5 30% 0.35 30% 0.351 0.3545 0.35575 0.359 0.359 0.362 0.361 0.362 0.359 0.359 0.35575 0.3545 0.351
1.3BCB12B 1st 0.5 30% 0.35 30% 0.353 0.3555 0.35825 0.3605 0.362 0.363 0.36275 0.363 0.362 0.3605 0.35825 0.3555 0.353
1.3CCB12A 1st 0.5 30% 0.35 30% 0.3485 0.3505 0.3495 0.35325 0.353 0.354 0.35575 0.354 0.353 0.35325 0.3495 0.3505 0.3485
1.3CCB12B 1st 0.5 30% 0.35 30% 0.3495 0.3515 0.3515 0.35475 0.3555 0.3555 0.35775 0.3555 0.3555 0.35475 0.3515 0.3515 0.3495
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Strip profile measurement (100 mm width)
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4. Low Carbon Steel – 1.3 – Lubricated – 1st pass 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA22A 1st 0.5 30% 0.35 30% 0.3475 0.351 0.354 0.359 0.3595 0.3615 0.3595 0.359 0.354 0.351 0.3475
1.3AAA22B 1st 0.5 30% 0.35 30% 0.3465 0.349 0.353 0.357 0.3565 0.3595 0.3565 0.357 0.353 0.349 0.3465
1.3BAA22A 1st 0.5 30% 0.35 30% 0.34775 0.3495 0.3525 0.35675 0.3565 0.35825 0.3565 0.35675 0.3525 0.3495 0.34775
1.3BAA22B 1st 0.5 30% 0.35 30% 0.34625 0.3475 0.3505 0.35375 0.3545 0.35675 0.3545 0.35375 0.3505 0.3475 0.34625
1.3CAA22A 1st 0.5 30% 0.35 30% 0.34775 0.34875 0.3515 0.35125 0.353 0.356 0.353 0.35125 0.3515 0.34875 0.34775
1.3CAA22B 1st 0.5 30% 0.35 30% 0.34825 0.35025 0.3525 0.35425 0.355 0.357 0.355 0.35425 0.3525 0.35025 0.34825
1.3ABA22A 1st 0.5 30% 0.35 30% 0.35 0.3525 0.35525 0.3585 0.3625 0.363 0.3625 0.3585 0.35525 0.3525 0.35
1.3ABA22B 1st 0.5 30% 0.35 30% 0.348 0.3515 0.35325 0.3575 0.361 0.362 0.361 0.3575 0.35325 0.3515 0.348
1.3BBA22A 1st 0.5 30% 0.35 30% 0.351 0.354 0.354 0.35825 0.358 0.35975 0.358 0.35825 0.354 0.354 0.351
1.3BBA22B 1st 0.5 30% 0.35 30% 0.353 0.352 0.355 0.35925 0.36 0.36175 0.36 0.35925 0.355 0.352 0.353
1.3CBA22A 1st 0.5 30% 0.35 30% 0.34875 0.35025 0.352 0.3545 0.354 0.3545 0.354 0.3545 0.352 0.35025 0.34875
1.3CBA22B 1st 0.5 30% 0.35 30% 0.34775 0.34875 0.35 0.353 0.352 0.3515 0.352 0.353 0.35 0.34875 0.34775
1.3ACA22A 1st 0.5 30% 0.35 30% 0.34775 0.3495 0.352 0.35475 0.35725 0.3565 0.35725 0.35475 0.352 0.3495 0.34775
1.3ACA22B 1st 0.5 30% 0.35 30% 0.34725 0.3475 0.351 0.35225 0.35575 0.3545 0.35575 0.35225 0.351 0.3475 0.34725
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Strip profile measurement (80 mm width)
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3ABB22A 1st 0.5 30% 0.35 30% 0.35 0.35375 0.35725 0.35925 0.362 0.36425 0.364 0.36425 0.362 0.35925 0.35725 0.35375 0.35
1.3ABB22B 1st 0.5 30% 0.35 30% 0.349 0.35225 0.35525 0.35775 0.36 0.36275 0.362 0.36275 0.36 0.35775 0.35525 0.35225 0.349
1.3BBB22A 1st 0.5 30% 0.35 30% 0.34975 0.3515 0.353 0.356 0.358 0.36075 0.36175 0.36075 0.358 0.356 0.353 0.3515 0.34975
1.3BBB22B 1st 0.5 30% 0.35 30% 0.34825 0.3505 0.3515 0.354 0.356 0.35925 0.35925 0.35925 0.356 0.354 0.3515 0.3505 0.34825
1.3CBB22A 1st 0.5 30% 0.35 30% 0.349 0.35125 0.35125 0.354 0.35475 0.3575 0.35725 0.3575 0.35475 0.354 0.35125 0.35125 0.349
1.3CBB22B 1st 0.5 30% 0.35 30% 0.347 0.34975 0.34975 0.352 0.35325 0.3545 0.35525 0.3545 0.35325 0.352 0.34975 0.34975 0.347
Strip profile measurement (100 mm width)
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-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3AAB11AL 1st 0.5 20% 0.4 20% 0.40225 0.405 0.4065 0.41075 0.412 0.41325 0.4145 0.41325 0.412 0.41075 0.4065 0.405 0.40225
1.3AAB11BL 1st 0.5 20% 0.4 20% 0.4005 0.403 0.4055 0.40875 0.41075 0.41275 0.4135 0.41275 0.41075 0.40875 0.4055 0.403 0.4005
1.3BAB11AL 1st 0.5 20% 0.4 20% 0.4025 0.40425 0.40475 0.408 0.40875 0.41025 0.41275 0.41025 0.40875 0.408 0.40475 0.40425 0.4025
1.3BAB11BL 1st 0.5 20% 0.4 20% 0.401 0.40275 0.40375 0.40625 0.407 0.409 0.411 0.409 0.407 0.40625 0.40375 0.40275 0.401
1.3CAB11AL 1st 0.5 20% 0.4 20% 0.3995 0.4015 0.402 0.40475 0.4055 0.40625 0.4065 0.40625 0.4055 0.40475 0.402 0.4015 0.3995
1.3CAB11BL 1st 0.5 20% 0.4 20% 0.3985 0.4 0.401 0.403 0.404 0.40475 0.40525 0.40475 0.404 0.403 0.401 0.4 0.3985
1.3ACB11AL 1st 0.5 20% 0.4 20% 0.4005 0.403 0.40425 0.4065 0.40725 0.409 0.4095 0.409 0.40725 0.4065 0.40425 0.403 0.4005
1.3ACB11BL 1st 0.5 20% 0.4 20% 0.3995 0.401 0.40275 0.405 0.4055 0.4075 0.4085 0.4075 0.4055 0.405 0.40275 0.401 0.3995
1.3BCB11AL 1st 0.5 20% 0.4 20% 0.39775 0.39975 0.4005 0.403 0.403 0.405 0.407 0.405 0.403 0.403 0.4005 0.39975 0.39775
1.3BCB11BL 1st 0.5 20% 0.4 20% 0.397 0.39875 0.399 0.40125 0.40225 0.40325 0.40575 0.40325 0.40225 0.40125 0.399 0.39875 0.397
1.3CCB11AL 1st 0.5 20% 0.4 20% 0.4065 0.40725 0.40775 0.409 0.41 0.40975 0.41 0.40975 0.41 0.409 0.40775 0.40725 0.4065
1.3CCB11BL 1st 0.5 20% 0.4 20% 0.4075 0.40925 0.40925 0.41075 0.4105 0.41125 0.41175 0.41125 0.4105 0.41075 0.40925 0.40925 0.4075
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Strip profile measurement (100 mm width)
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-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3AAB21AL 1st 0.5 20% 0.4 20% 0.40125 0.40325 0.405 0.4085 0.4105 0.411 0.41225 0.411 0.4105 0.4085 0.405 0.40325 0.40125
1.3AAB21BL 1st 0.5 20% 0.4 20% 0.40175 0.4045 0.406 0.40975 0.412 0.41275 0.413 0.41275 0.412 0.40975 0.406 0.4045 0.40175
1.3BAB21AL 1st 0.5 20% 0.4 20% 0.3985 0.4005 0.4005 0.4045 0.40475 0.40625 0.407 0.40625 0.40475 0.4045 0.4005 0.4005 0.3985
1.3BAB21BL 1st 0.5 20% 0.4 20% 0.398 0.3995 0.4 0.403 0.4045 0.405 0.40525 0.405 0.4045 0.403 0.4 0.3995 0.398
1.3CAB21AL 1st 0.5 20% 0.4 20% 0.40175 0.404 0.40525 0.40625 0.4065 0.4075 0.40825 0.4075 0.4065 0.40625 0.40525 0.404 0.40175
1.3CAB21BL 1st 0.5 20% 0.4 20% 0.40275 0.40375 0.40375 0.407 0.4075 0.40775 0.409 0.40775 0.4075 0.407 0.40375 0.40375 0.40275
Strip profile measurement (100 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12AL 1st 0.5 30% 0.35 30% 0.3505 0.3545 0.35675 0.3605 0.36275 0.3635 0.36275 0.3605 0.35675 0.3545 0.3505
1.3AAA12BL 1st 0.5 30% 0.35 30% 0.3515 0.35575 0.3585 0.362 0.36375 0.36525 0.36375 0.362 0.3585 0.35575 0.3515
1.3BAA12AL 1st 0.5 30% 0.35 30% 0.35025 0.35225 0.35425 0.3575 0.35875 0.3595 0.35875 0.3575 0.35425 0.35225 0.35025
1.3BAA12BL 1st 0.5 30% 0.35 30% 0.349 0.35125 0.35275 0.3565 0.357 0.358 0.357 0.3565 0.35275 0.35125 0.349
1.3CAA12AL 1st 0.5 30% 0.35 30% 0.3505 0.35125 0.35325 0.3555 0.356 0.3565 0.356 0.3555 0.35325 0.35125 0.3505
1.3CAA12BL 1st 0.5 30% 0.35 30% 0.349 0.35025 0.35175 0.3545 0.3545 0.3555 0.3545 0.3545 0.35175 0.35025 0.349
1.3ABA12AL 1st 0.5 30% 0.35 30% 0.3465 0.3495 0.352 0.3555 0.35675 0.358 0.35675 0.3555 0.352 0.3495 0.3465
1.3ABA12BL 1st 0.5 30% 0.35 30% 0.34775 0.3515 0.353 0.357 0.3585 0.359 0.3585 0.357 0.353 0.3515 0.34775
1.3ACA12AL 1st 0.5 30% 0.35 30% 0.35025 0.35225 0.354 0.357 0.35875 0.3595 0.35875 0.357 0.354 0.35225 0.35025
1.3ACA12BL 1st 0.5 30% 0.35 30% 0.351 0.35375 0.355 0.3585 0.3595 0.3605 0.3595 0.3585 0.355 0.35375 0.351
1.3BCA12AL 1st 0.5 30% 0.35 30% 0.3505 0.35275 0.354 0.35575 0.356 0.3575 0.356 0.35575 0.354 0.35275 0.3505
1.3BCA12BL 1st 0.5 30% 0.35 30% 0.34925 0.35325 0.355 0.3545 0.3555 0.3565 0.3555 0.3545 0.355 0.35325 0.34925
1.3CCA12AL 1st 0.5 30% 0.35 30% 0.3555 0.3565 0.3565 0.3575 0.35825 0.35925 0.35825 0.3575 0.3565 0.3565 0.3555
1.3CCA12BL 1st 0.5 30% 0.35 30% 0.3565 0.35725 0.358 0.35925 0.35925 0.36075 0.35925 0.35925 0.358 0.35725 0.3565
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Strip profile measurement (80 mm width)
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3ACB12AL 1st 0.5 30% 0.35 30% 0.35125 0.3525 0.355 0.3585 0.36 0.3605 0.3615 0.3605 0.36 0.3585 0.355 0.3525 0.35125
1.3ACB12BL 1st 0.5 30% 0.35 30% 0.35075 0.3515 0.3535 0.3565 0.3585 0.359 0.3605 0.359 0.3585 0.3565 0.3535 0.3515 0.35075
1.3BCB12AL 1st 0.5 30% 0.35 30% 0.349 0.349 0.35 0.35175 0.354 0.35475 0.357 0.35475 0.354 0.35175 0.35 0.349 0.349
1.3BCB12BL 1st 0.5 30% 0.35 30% 0.3495 0.35075 0.351 0.353 0.3555 0.35575 0.3555 0.35575 0.3555 0.353 0.351 0.35075 0.3495
1.3CCB12AL 1st 0.5 30% 0.35 30% 0.35675 0.35825 0.35775 0.35975 0.36 0.361 0.36075 0.361 0.36 0.35975 0.35775 0.35825 0.35675
1.3CCB12BL 1st 0.5 30% 0.35 30% 0.35575 0.3565 0.35725 0.3585 0.35875 0.35925 0.3605 0.35925 0.35875 0.3585 0.35725 0.3565 0.35575
Strip profile measurement (100 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3ABA22AL 1st 0.5 30% 0.35 30% 0.35 0.35225 0.3545 0.3575 0.35925 0.36025 0.35925 0.3575 0.3545 0.35225 0.35
1.3ABA22BL 1st 0.5 30% 0.35 30% 0.35125 0.354 0.3555 0.3595 0.361 0.36175 0.361 0.3595 0.3555 0.354 0.35125
1.3BBA22AL 1st 0.5 30% 0.35 30% 0.34825 0.35025 0.35175 0.3545 0.354705 0.3565 0.354705 0.3545 0.35175 0.35025 0.34825
1.3BBA22BL 1st 0.5 30% 0.35 30% 0.34975 0.352 0.35325 0.35575 0.35675 0.3575 0.35675 0.35575 0.35325 0.352 0.34975
1.3CBA22AL 1st 0.5 30% 0.35 30% 0.348 0.34925 0.35 0.35175 0.352 0.35275 0.352 0.35175 0.35 0.34925 0.348
1.3CBA22BL 1st 0.5 30% 0.35 30% 0.34725 0.34875 0.349 0.3495 0.351 0.35125 0.351 0.3495 0.349 0.34875 0.34725
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Strip profile measurement (80 mm width)
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5. Aluminum – 1.1 – Dry – 1st pass 
 
 
6. Aluminum – 1.1 – Lubricated – 1st pass 
 
 
 
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3ABB22AL 1st 0.5 30% 0.35 30% 0.34975 0.35225 0.3545 0.357 0.36 0.3615 0.362 0.3615 0.36 0.357 0.3545 0.35225 0.34975
1.3ABB22BL 1st 0.5 30% 0.35 30% 0.34875 0.3515 0.35275 0.35825 0.359 0.35975 0.3605 0.35975 0.359 0.35825 0.35275 0.3515 0.34875
1.3BBB22AL 1st 0.5 30% 0.35 30% 0.347 0.34825 0.349 0.35225 0.355 0.3555 0.357 0.3555 0.355 0.35225 0.349 0.34825 0.347
1.3BBB22BL 1st 0.5 30% 0.35 30% 0.3485 0.35 0.351 0.353 0.356 0.357 0.3575 0.357 0.356 0.353 0.351 0.35 0.3485
1.3CBB22AL 1st 0.5 30% 0.35 30% 0.349 0.3505 0.35 0.3535 0.354 0.35475 0.3555 0.35475 0.354 0.3535 0.35 0.3505 0.349
1.3CBB22BL 1st 0.5 30% 0.35 30% 0.3485 0.349 0.3495 0.3525 0.3525 0.3535 0.35375 0.3535 0.3525 0.3525 0.3495 0.349 0.3485
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Strip profile measurement (100 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12A 1st 0.5 30% 0.35 30% 0.3475 0.351 0.35475 0.3565 0.35925 0.36125 0.35925 0.3565 0.35475 0.351 0.3475
1.1AAA12B 1st 0.5 30% 0.35 30% 0.3485 0.352 0.35625 0.3575 0.35975 0.36175 0.35975 0.3575 0.35625 0.352 0.3485
1.1BAA12A 1st 0.5 30% 0.35 30% 0.34675 0.3495 0.35275 0.353 0.3555 0.358 0.3555 0.353 0.35275 0.3495 0.34675
1.1BAA12B 1st 0.5 30% 0.35 30% 0.34625 0.3485 0.35125 0.352 0.3545 0.356 0.3545 0.352 0.35125 0.3485 0.34625
1.1CAA12A 1st 0.5 30% 0.35 30% 0.347 0.35025 0.351 0.35225 0.3545 0.355 0.3545 0.35225 0.351 0.35025 0.347
1.1CAA12B 1st 0.5 30% 0.35 30% 0.3465 0.34875 0.35 0.3505 0.353 0.354 0.353 0.3505 0.35 0.34875 0.3465
1.1ABA12A 1st 0.5 30% 0.35 30% 0.34725 0.35 0.3515 0.355 0.3565 0.35675 0.3565 0.355 0.3515 0.35 0.34725
1.1ABA12B 1st 0.5 30% 0.35 30% 0.34825 0.351 0.3535 0.3565 0.358 0.35875 0.358 0.3565 0.3535 0.351 0.34825
1.1ACA12A 1st 0.5 30% 0.35 30% 0.351 0.3535 0.3555 0.358 0.35975 0.35975 0.35975 0.358 0.3555 0.3535 0.351
1.1ACA12B 1st 0.5 30% 0.35 30% 0.353 0.355 0.3565 0.359 0.36025 0.36125 0.36025 0.359 0.3565 0.355 0.353
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Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12A 1st 0.5 30% 0.35 30% 0.3475 0.351 0.35475 0.3565 0.35925 0.36125 0.35925 0.3565 0.35475 0.351 0.3475
1.1AAA12B 1st 0.5 30% 0.35 30% 0.3485 0.352 0.35625 0.3575 0.35975 0.36175 0.35975 0.3575 0.35625 0.352 0.3485
1.1BAA12A 1st 0.5 30% 0.35 30% 0.34675 0.3495 0.35275 0.353 0.3555 0.358 0.3555 0.353 0.35275 0.3495 0.34675
1.1BAA12B 1st 0.5 30% 0.35 30% 0.34625 0.3485 0.35125 0.352 0.3545 0.356 0.3545 0.352 0.35125 0.3485 0.34625
1.1CAA12A 1st 0.5 30% 0.35 30% 0.347 0.35025 0.351 0.35225 0.3545 0.355 0.3545 0.35225 0.351 0.35025 0.347
1.1CAA12B 1st 0.5 30% 0.35 30% 0.3465 0.34875 0.35 0.3505 0.353 0.354 0.353 0.3505 0.35 0.34875 0.3465
1.1ABA12A 1st 0.5 30% 0.35 30% 0.34725 0.35 0.3515 0.355 0.3565 0.35675 0.3565 0.355 0.3515 0.35 0.34725
1.1ABA12B 1st 0.5 30% 0.35 30% 0.34825 0.351 0.3535 0.3565 0.358 0.35875 0.358 0.3565 0.3535 0.351 0.34825
1.1ACA12A 1st 0.5 30% 0.35 30% 0.351 0.3535 0.3555 0.358 0.35975 0.35975 0.35975 0.358 0.3555 0.3535 0.351
1.1ACA12B 1st 0.5 30% 0.35 30% 0.353 0.355 0.3565 0.359 0.36025 0.36125 0.36025 0.359 0.3565 0.355 0.353
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Strip profile measurement (80 mm width)
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7. Aluminum – 1.3 – Dry – 1st pass 
 
 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3ABA11A 1st 0.5 20% 0.4 20% 0.39675 0.39875 0.4005 0.4045 0.40725 0.40725 0.40725 0.4045 0.4005 0.39875 0.39675
1.3ABA11B 1st 0.5 20% 0.4 20% 0.39825 0.39975 0.4025 0.406 0.40825 0.40925 0.40825 0.406 0.4025 0.39975 0.39825
1.3BBA11A 1st 0.5 20% 0.4 20% 0.40375 0.406 0.40775 0.4095 0.41075 0.41175 0.41075 0.4095 0.40775 0.406 0.40375
1.3BBA11B 1st 0.5 20% 0.4 20% 0.40425 0.408 0.40875 0.411 0.41175 0.41275 0.41175 0.411 0.40875 0.408 0.40425
1.3CBA11A 1st 0.5 20% 0.4 20% 0.4045 0.406 0.4075 0.40875 0.40875 0.4105 0.40875 0.40875 0.4075 0.406 0.4045
1.3CBA11B 1st 0.5 20% 0.4 20% 0.4025 0.405 0.4065 0.40725 0.408 0.4095 0.408 0.40725 0.4065 0.405 0.4025
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Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12A 1st 0.5 30% 0.35 30% 0.347 0.35075 0.352 0.35625 0.3565 0.3565 0.3565 0.35625 0.352 0.35075 0.347
1.3AAA12B 1st 0.5 30% 0.35 30% 0.346 0.34925 0.35 0.35475 0.3555 0.3555 0.3555 0.35475 0.35 0.34925 0.346
1.3BAA12A 1st 0.5 30% 0.35 30% 0.3495 0.3525 0.35225 0.3545 0.35625 0.35825 0.35625 0.3545 0.35225 0.3525 0.3495
1.3BAA12B 1st 0.5 30% 0.35 30% 0.3515 0.3535 0.35275 0.3555 0.35775 0.35875 0.35775 0.3555 0.35275 0.3535 0.3515
1.3CAA12A 1st 0.5 30% 0.35 30% 0.3505 0.352 0.35175 0.35425 0.356 0.35525 0.356 0.35425 0.35175 0.352 0.3505
1.3CAA12B 1st 0.5 30% 0.35 30% 0.349 0.351 0.35125 0.35275 0.355 0.35375 0.355 0.35275 0.35125 0.351 0.349
1.3ABA12A 1st 0.5 30% 0.35 30% 0.35 0.3525 0.35525 0.358 0.35875 0.359 0.35875 0.358 0.35525 0.3525 0.35
1.3ABA12B 1st 0.5 30% 0.35 30% 0.349 0.3515 0.35325 0.3565 0.35725 0.357 0.35725 0.3565 0.35325 0.3515 0.349
1.3BBA12A 1st 0.5 30% 0.35 30% 0.35175 0.3535 0.3545 0.357 0.3575 0.3585 0.3575 0.357 0.3545 0.3535 0.35175
1.3BBA12B 1st 0.5 30% 0.35 30% 0.35325 0.3545 0.356 0.358 0.3595 0.3595 0.3595 0.358 0.356 0.3545 0.35325
1.3CBA12A 1st 0.5 30% 0.35 30% 0.35275 0.35375 0.354 0.35475 0.356 0.35675 0.356 0.35475 0.354 0.35375 0.35275
1.3CBA12B 1st 0.5 30% 0.35 30% 0.35125 0.35225 0.353 0.35425 0.355 0.35525 0.355 0.35425 0.353 0.35225 0.35125
1.3ACA12A 1st 0.5 30% 0.35 30% 0.34825 0.3505 0.3525 0.353 0.3555 0.35425 0.3555 0.353 0.3525 0.3505 0.34825
1.3ACA12B 1st 0.5 30% 0.35 30% 0.34875 0.3515 0.3535 0.355 0.356 0.35575 0.356 0.355 0.3535 0.3515 0.34875
1.3BCA12A 1st 0.5 30% 0.35 30% 0.35125 0.35475 0.3555 0.3565 0.35575 0.35825 0.35575 0.3565 0.3555 0.35475 0.35125
1.3BCA12B 1st 0.5 30% 0.35 30% 0.35275 0.35575 0.357 0.3575 0.35725 0.35925 0.35725 0.3575 0.357 0.35575 0.35275
1.3CCA12A 1st 0.5 30% 0.35 30% 0.3555 0.356 0.35675 0.3565 0.358 0.358 0.358 0.3565 0.35675 0.356 0.3555
1.3CCA12B 1st 0.5 30% 0.35 30% 0.3565 0.3575 0.35875 0.357 0.359 0.36 0.359 0.357 0.35875 0.3575 0.3565
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Strip profile measurement (80 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA22A 1st 0.5 30% 0.35 30% 0.3455 0.34825 0.3505 0.35225 0.35425 0.356 0.35425 0.35225 0.3505 0.34825 0.3455
1.3AAA22B 1st 0.5 30% 0.35 30% 0.3475 0.34925 0.3515 0.35425 0.35625 0.358 0.35625 0.35425 0.3515 0.34925 0.3475
1.3ABA22A 1st 0.5 30% 0.35 30% 0.348 0.3505 0.35225 0.355 0.3545 0.3565 0.3545 0.355 0.35225 0.3505 0.348
1.3ABA22B 1st 0.5 30% 0.35 30% 0.35 0.3515 0.35375 0.356 0.3565 0.3575 0.3565 0.356 0.35375 0.3515 0.35
1.3BBA22A 1st 0.5 30% 0.35 30% 0.3535 0.3555 0.35575 0.357 0.36 0.359 0.36 0.357 0.35575 0.3555 0.3535
1.3BBA22B 1st 0.5 30% 0.35 30% 0.3515 0.354 0.35475 0.356 0.358 0.357 0.358 0.356 0.35475 0.354 0.3515
1.3CBA22A 1st 0.5 30% 0.35 30% 0.3535 0.354255 0.35525 0.355 0.35675 0.358 0.35675 0.355 0.35525 0.354255 0.3535
1.3CBA22B 1st 0.5 30% 0.35 30% 0.3545 0.35525 0.35675 0.3555 0.35725 0.359 0.35725 0.3555 0.35675 0.35525 0.3545
1.3ACA22A 1st 0.5 30% 0.35 30% 0.3525 0.354 0.35625 0.3565 0.3585 0.3605 0.3585 0.3565 0.35625 0.354 0.3525
1.3ACA22B 1st 0.5 30% 0.35 30% 0.3515 0.353 0.35425 0.356 0.3575 0.3585 0.3575 0.356 0.35425 0.353 0.3515
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Strip profile measurement (80 mm width)
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8. Aluminum – 1.3 – Lubricated – 1st pass 
 
 
 
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3ABB22A 1st 0.5 30% 0.35 30% 0.348 0.3505 0.3525 0.355 0.358 0.35725 0.359 0.35725 0.358 0.355 0.3525 0.3505 0.348
1.3ABB22B 1st 0.5 30% 0.35 30% 0.35 0.3515 0.3535 0.3555 0.359 0.35775 0.36 0.35775 0.359 0.3555 0.3535 0.3515 0.35
1.3BBB22A 1st 0.5 30% 0.35 30% 0.35 0.352 0.353 0.35575 0.3565 0.357 0.358 0.357 0.3565 0.35575 0.353 0.352 0.35
1.3BBB22B 1st 0.5 30% 0.35 30% 0.349 0.35 0.3525 0.35425 0.355 0.355 0.357 0.355 0.355 0.35425 0.3525 0.35 0.349
1.3CBB22A 1st 0.5 30% 0.35 30% 0.356 0.3565 0.35775 0.358 0.358 0.361 0.3595 0.361 0.358 0.358 0.35775 0.3565 0.356
1.3CBB22B 1st 0.5 30% 0.35 30% 0.354 0.3555 0.35625 0.357 0.357 0.359 0.3585 0.359 0.357 0.357 0.35625 0.3555 0.354
Strip profile measurement (100 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3ABA11AL 1st 0.5 20% 0.4 20% 0.405 0.40775 0.408 0.41025 0.41325 0.41275 0.41325 0.41025 0.408 0.40775 0.405
1.3ABA11BL 1st 0.5 20% 0.4 20% 0.4045 0.40625 0.407 0.40975 0.4115 0.41175 0.4115 0.40975 0.407 0.40625 0.4045
1.3BBA11AL 1st 0.5 20% 0.4 20% 0.40775 0.40875 0.4115 0.4115 0.4135 0.41375 0.4135 0.4115 0.4115 0.40875 0.40775
1.3BBA11BL 1st 0.5 20% 0.4 20% 0.4065 0.408 0.4105 0.411 0.413 0.41275 0.413 0.411 0.4105 0.408 0.4065
1.3CBA11AL 1st 0.5 20% 0.4 20% 0.40325 0.404 0.40475 0.40575 0.407 0.4075 0.407 0.40575 0.40475 0.404 0.40325
1.3CBA11BL 1st 0.5 20% 0.4 20% 0.40375 0.40475 0.40525 0.40725 0.408 0.408 0.408 0.40725 0.40525 0.40475 0.40375
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Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12AL 1st 0.5 30% 0.35 30% 0.354 0.3545 0.35625 0.359 0.36075 0.3615 0.36075 0.359 0.35625 0.3545 0.354
1.3AAA12BL 1st 0.5 30% 0.35 30% 0.35225 0.354 0.35425 0.3585 0.359 0.359 0.359 0.3585 0.35425 0.354 0.35225
1.3BAA12AL 1st 0.5 30% 0.35 30% 0.359 0.3595 0.3615 0.3635 0.364 0.36325 0.364 0.3635 0.3615 0.3595 0.359
1.3BAA12BL 1st 0.5 30% 0.35 30% 0.357 0.35775 0.36 0.36175 0.36325 0.36275 0.36325 0.36175 0.36 0.35775 0.357
1.3CAA12AL 1st 0.5 30% 0.35 30% 0.3515 0.35125 0.3535 0.353 0.355 0.355 0.355 0.353 0.3535 0.35125 0.3515
1.3CAA12BL 1st 0.5 30% 0.35 30% 0.3525 0.35275 0.355 0.355 0.35675 0.357 0.35675 0.355 0.355 0.35275 0.3525
1.3ABA12AL 1st 0.5 30% 0.35 30% 0.35025 0.3505 0.3535 0.35625 0.35675 0.35775 0.35675 0.35625 0.3535 0.3505 0.35025
1.3ABA12BL 1st 0.5 30% 0.35 30% 0.34925 0.35125 0.35225 0.3545 0.35525 0.356 0.35525 0.3545 0.35225 0.35125 0.34925
1.3BBA12AL 1st 0.5 30% 0.35 30% 0.35625 0.357 0.35775 0.359 0.3605 0.36 0.3605 0.359 0.35775 0.357 0.35625
1.3BBA12BL 1st 0.5 30% 0.35 30% 0.35675 0.358 0.35925 0.36 0.36 0.361 0.36 0.36 0.35925 0.358 0.35675
1.3CBA12AL 1st 0.5 30% 0.35 30% 0.36 0.3595 0.36075 0.36225 0.36275 0.362 0.36275 0.36225 0.36075 0.3595 0.36
1.3CBA12BL 1st 0.5 30% 0.35 30% 0.3595 0.359 0.3595 0.36175 0.36175 0.3615 0.36175 0.36175 0.3595 0.359 0.3595
1.3ACA12AL 1st 0.5 30% 0.35 30% 0.3495 0.3495 0.35 0.3535 0.3535 0.35525 0.3535 0.3535 0.35 0.3495 0.3495
1.3ACA12BL 1st 0.5 30% 0.35 30% 0.3475 0.3485 0.3495 0.3525 0.352 0.35325 0.352 0.3525 0.3495 0.3485 0.3475
1.3BCA12AL 1st 0.5 30% 0.35 30% 0.35475 0.35425 0.3565 0.35625 0.358 0.35775 0.358 0.35625 0.3565 0.35425 0.35475
1.3BCA12BL 1st 0.5 30% 0.35 30% 0.3565 0.3565 0.35825 0.358 0.36 0.36025 0.36 0.358 0.35825 0.3565 0.3565
1.3CCA12AL 1st 0.5 30% 0.35 30% 0.35 0.35 0.35075 0.35125 0.35075 0.3515 0.35075 0.35125 0.35075 0.35 0.35
1.3CCA12BL 1st 0.5 30% 0.35 30% 0.3515 0.351 0.35175 0.35275 0.35225 0.35325 0.35225 0.35275 0.35175 0.351 0.3515
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Strip profile measurement (80 mm width)
225 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3ABA22AL 1st 0.5 30% 0.35 30% 0.353 0.3545 0.35425 0.3575 0.3585 0.35825 0.3585 0.3575 0.35425 0.3545 0.353
1.3ABA22BL 1st 0.5 30% 0.35 30% 0.354 0.355 0.35575 0.358 0.3595 0.36 0.3595 0.358 0.35575 0.355 0.354
1.3BBA22AL 1st 0.5 30% 0.35 30% 0.3575 0.35825 0.36 0.36 0.36125 0.36125 0.36125 0.36 0.36 0.35825 0.3575
1.3BBA22BL 1st 0.5 30% 0.35 30% 0.356 0.35725 0.3595 0.35875 0.3605 0.36025 0.3605 0.35875 0.3595 0.35725 0.356
1.3CBA22AL 1st 0.5 30% 0.35 30% 0.351 0.3515 0.35175 0.35225 0.35225 0.35275 0.35225 0.35225 0.35175 0.3515 0.351
1.3CBA22BL 1st 0.5 30% 0.35 30% 0.3515 0.3525 0.35225 0.35325 0.35375 0.35475 0.35375 0.35325 0.35225 0.3525 0.3515
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Strip profile measurement (80 mm width)
-40 -40 -35 -25 -15 -5 0 5 15 25 35 40 45
1.3ABB22AL 1st 0.5 30% 0.35 30% 0.35075 0.35175 0.35275 0.3555 0.35625 0.358 0.35875 0.358 0.35625 0.3555 0.35275 0.35175 0.35075
1.3ABB22BL 1st 0.5 30% 0.35 30% 0.34875 0.3505 0.35125 0.3545 0.355 0.357 0.35725 0.357 0.355 0.3545 0.35125 0.3505 0.34875
1.3BBB22AL 1st 0.5 30% 0.35 30% 0.35625 0.3585 0.35875 0.36 0.361 0.36275 0.36275 0.36275 0.361 0.36 0.35875 0.3585 0.35625
1.3BBB22BL 1st 0.5 30% 0.35 30% 0.35475 0.3565 0.35775 0.3585 0.36 0.36125 0.36175 0.36125 0.36 0.3585 0.35775 0.3565 0.35475
1.3CBB22AL 1st 0.5 30% 0.35 30% 0.3525 0.354 0.35475 0.3555 0.35525 0.3565 0.35725 0.3565 0.35525 0.3555 0.35475 0.354 0.3525
1.3CBB22BL 1st 0.5 30% 0.35 30% 0.351 0.353 0.35425 0.3545 0.35475 0.3555 0.35525 0.3555 0.35475 0.3545 0.35425 0.353 0.351
Strip profile measurement (100 mm width)
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COLD ROLLING MEASUREMENT SPREAD SHEET (2nd pass) 
1. Low Carbon Steel – 1.1 – Dry – 2nd pass 
 
 
2. Low Carbon Steel – 1.1 – Lubricated – 2nd pass 
 
3. Low Carbon Steel – 1.3 – Dry – 2nd pass 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12A 2nd 0.35 30% 0.245 51% 0.242 0.247 0.251 0.2565 0.2595 0.26 0.2595 0.2565 0.251 0.247 0.242
1.1AAA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1BAA12A 2nd 0.35 30% 0.245 51% 0.239 0.2425 0.245 0.2495 0.2515 0.252 0.2515 0.2495 0.245 0.2425 0.239
1.1BAA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1CAA12A 2nd 0.35 30% 0.245 51% 0.244 0.246 0.248 0.251 0.2525 0.253 0.2525 0.251 0.248 0.246 0.244
1.1CAA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1ABA12A 2nd 0.35 30% 0.245 51% 0.247 0.251 0.255 0.26 0.2625 0.263 0.2625 0.26 0.255 0.251 0.247
1.1ABA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1ACA12A 2nd 0.35 30% 0.245 51% 0.244 0.247 0.2495 0.253 0.2555 0.256 0.2555 0.253 0.2495 0.247 0.244
1.1ACA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
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Strip profile measurement (80 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12A2dL 2nd 0.35 30% 0.245 51% 0.2415 0.244 0.2455 0.2505 0.25275 0.2535 0.25275 0.2505 0.2455 0.244 0.2415
1.1AAA12B2dL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1BAA12A2dL 2nd 0.35 30% 0.245 51% 0.238 0.241 0.2415 0.2445 0.246 0.247 0.246 0.2445 0.2415 0.241 0.238
1.1BAA12B2dL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1CAA12A2dL 2nd 0.35 30% 0.245 51% 0.243 0.2435 0.245 0.2475 0.24725 0.249 0.24725 0.2475 0.245 0.2435 0.243
1.1CAA12B2dL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1ABA12A2dL 2nd 0.35 30% 0.245 51% 0.239 0.24275 0.24425 0.24825 0.249 0.24975 0.249 0.24825 0.24425 0.24275 0.239
1.1ABA12B2dL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.1ACA12A2dL 2nd 0.35 30% 0.245 51% 0.238 0.2395 0.24275 0.2445 0.245 0.2465 0.245 0.2445 0.24275 0.2395 0.238
1.1ACA12B2dL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
Sa
m
p
le
 C
o
d
e
P
as
s 
N
o
.
In
it
ia
l t
h
ic
kn
e
ss
P
as
s 
re
d
u
ct
io
n
Ta
rg
e
t 
th
ic
kn
e
ss
O
ve
ra
ll
 r
e
d
u
ct
io
n
Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12A 2nd 0.35 30% 0.245 51% 0.241 0.245 0.249 0.254 0.2565 0.257 0.2565 0.254 0.249 0.245 0.241
1.3AAA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3BAA12A 2nd 0.35 30% 0.245 51% 0.246 0.249 0.252 0.2555 0.2575 0.258 0.2575 0.2555 0.252 0.249 0.246
1.3BAA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3CAA12A 2nd 0.35 30% 0.245 51% 0.243 0.2445 0.246 0.248 0.2495 0.25 0.2495 0.248 0.246 0.2445 0.243
1.3CAA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3ABA12A 2nd 0.35 30% 0.245 51% 0.239 0.2425 0.245 0.2495 0.2515 0.252 0.2515 0.2495 0.245 0.2425 0.239
1.3ABA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3ACA12A 2nd 0.35 30% 0.245 51% 0.245 0.247 0.2495 0.2525 0.2545 0.255 0.2545 0.2525 0.2495 0.247 0.245
1.3ACA12B 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
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Strip profile measurement (80 mm width)
227 
 
4. Low Carbon Steel – 1.3 – Lubricated – 2nd pass 
 
 
5. Aluminum – 1.3 – Dry – 2nd pass 
 
 
 
6. Aluminum – 1.3 – Lubricated – 2nd pass 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12AL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3AAA12BL 2nd 0.35 30% 0.245 51% 0.244 0.24475 0.2485 0.252 0.2525 0.254 0.2525 0.252 0.2485 0.24475 0.244
1.3BAA12AL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3BAA12BL 2nd 0.35 30% 0.245 51% 0.24025 0.2425 0.2425 0.245 0.2465 0.247 0.2465 0.245 0.2425 0.2425 0.24025
1.3CAA12AL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3CAA12BL 2nd 0.35 30% 0.245 51% 0.239 0.2395 0.24 0.2415 0.24225 0.2435 0.24225 0.2415 0.24 0.2395 0.239
1.3ABA12AL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3ABA12BL 2nd 0.35 30% 0.245 51% 0.24225 0.2445 0.247 0.2495 0.25025 0.2515 0.25025 0.2495 0.247 0.2445 0.24225
1.3ACA12AL 2nd 0.35 30% 0.245 51% - - - - - - - - - - -
1.3ACA12BL 2nd 0.35 30% 0.245 51% 0.24 0.241 0.2425 0.2445 0.24525 0.2465 0.24525 0.2445 0.2425 0.241 0.24
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Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12A 2nd 0.35 30% 0.245 51% 0.2395 0.24075 0.244 0.24675 0.2485 0.249 0.2485 0.24675 0.244 0.24075 0.2395
1.3AAA12B 2nd 0.35 30% 0.245 51% 0.2375 0.2385 0.24175 0.245 0.246 0.247 0.246 0.245 0.24175 0.2385 0.2375
1.3CAA12A 2nd 0.35 30% 0.245 51% 0.24325 0.24375 0.2445 0.2465 0.246 0.2475 0.246 0.2465 0.2445 0.24375 0.24325
1.3CAA12B 2nd 0.35 30% 0.245 51% 0.24525 0.24575 0.2465 0.2485 0.248 0.2495 0.248 0.2485 0.2465 0.24575 0.24525
1.3ACA12A 2nd 0.35 30% 0.245 51% 0.24325 0.24425 0.246 0.247 0.24925 0.249 0.24925 0.247 0.246 0.24425 0.24325
1.3ACA12B 2nd 0.35 30% 0.245 51% 0.24525 0.24725 0.24925 0.24975 0.25225 0.252 0.25225 0.24975 0.24925 0.24725 0.24525
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Strip profile measurement (80 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA11AL 2nd 0.4 20% 0.32 36% 0.316 0.318 0.3195 0.3215 0.32275 0.323 0.32275 0.3215 0.3195 0.318 0.316
1.3AAA11BL 2nd 0.4 20% 0.32 36% 0.31625 0.31775 0.3205 0.32225 0.32175 0.32425 0.32175 0.32225 0.3205 0.31775 0.31625
1.3CAA11AL 2nd 0.4 20% 0.32 36% 0.322 0.3225 0.323 0.324 0.32425 0.3245 0.32425 0.324 0.323 0.3225 0.322
1.3CAA11BL 2nd 0.4 20% 0.32 36% 0.3225 0.322 0.3235 0.3235 0.32525 0.324 0.32525 0.3235 0.3235 0.322 0.3225
1.3ACA11AL 2nd 0.4 20% 0.32 36% 0.3145 0.316 0.31675 0.31775 0.31775 0.3195 0.31775 0.31775 0.31675 0.316 0.3145
1.3ACA11BL 2nd 0.4 20% 0.32 36% 0.314 0.315 0.316 0.317 0.3175 0.318 0.3175 0.317 0.316 0.315 0.314
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Strip profile measurement (80 mm width)
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COLD ROLLING MEASUREMENT SPREAD SHEET (3rd pass) 
1. Low Carbon Steel – 1.1 – Dry – 3rd pass 
 
 
2. Low Carbon Steel – 1.1 – Lubricated – 3rd pass 
 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12AL 2nd 0.35 30% 0.245 51% 0.23725 0.2385 0.241 0.24225 0.245 0.24525 0.245 0.24225 0.241 0.2385 0.23725
1.3AAA12BL 2nd 0.35 30% 0.245 51% 0.23925 0.2405 0.2435 0.24425 0.2465 0.24725 0.2465 0.24425 0.2435 0.2405 0.23925
1.3CAA12AL 2nd 0.35 30% 0.245 51% 0.2445 0.2465 0.2475 0.24775 0.24825 0.24925 0.24825 0.24775 0.2475 0.2465 0.2445
1.3CAA12BL 2nd 0.35 30% 0.245 51% 0.2465 0.2485 0.2495 0.24975 0.25025 0.25125 0.25025 0.24975 0.2495 0.2485 0.2465
1.3ACA12AL 2nd 0.35 30% 0.245 51% 0.2395 0.24175 0.243 0.243 0.245 0.2445 0.245 0.243 0.243 0.24175 0.2395
1.3ACA12BL 2nd 0.35 30% 0.245 51% 0.2415 0.24375 0.2445 0.245 0.247 0.2465 0.247 0.245 0.2445 0.24375 0.2415
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Strip profile measurement (80 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12A 3rd 0.245 30% 0.1715 66% 0.165 0.171 0.177 0.185 0.189 0.19 0.189 0.185 0.177 0.171 0.165
1.1AAA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.1BAA12A 3rd 0.245 30% 0.1715 66% 0.172 0.177 0.181 0.1865 0.189 0.19 0.189 0.1865 0.181 0.177 0.172
1.1BAA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.1CAA12A 3rd 0.245 30% 0.1715 66% 0.171 0.1745 0.1775 0.1815 0.1835 0.184 0.1835 0.1815 0.1775 0.1745 0.171
1.1CAA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.1ABA12A 3rd 0.245 30% 0.1715 66% 0.163 0.1695 0.1745 0.181 0.1845 0.185 0.1845 0.181 0.1745 0.1695 0.163
1.1ABA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.1ACA12A 3rd 0.245 30% 0.1715 66% 0.166 0.1705 0.1745 0.1795 0.1825 0.183 0.1825 0.1795 0.1745 0.1705 0.166
1.1ACA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
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Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.1AAA12AL 3rd 0.245 30% 0.172 66% 0.169 0.172 0.17625 0.1815 0.1825 0.184 0.1825 0.1815 0.17625 0.172 0.169
1.1AAA12BL 3rd 0.245 30% 0.172 66% - - - - - - - - - - -
1.1BAA12AL 3rd 0.245 30% 0.172 66% 0.167 0.17025 0.173 0.177 0.177 0.178 0.177 0.177 0.173 0.17025 0.167
1.1BAA12BL 3rd 0.245 30% 0.172 66% - - - - - - - - - - -
1.1CAA12AL 3rd 0.245 30% 0.172 66% 0.1715 0.1745 0.1755 0.1775 0.1785 0.1805 0.1785 0.1775 0.1755 0.1745 0.1715
1.1CAA12BL 3rd 0.245 30% 0.172 66% - - - - - - - - - - -
1.1ABA12AL 3rd 0.245 30% 0.172 66% 0.16875 0.1705 0.17425 0.179 0.1805 0.182 0.1805 0.179 0.17425 0.1705 0.16875
1.1ABA12BL 3rd 0.245 30% 0.172 66% - - - - - - - - - - -
1.1ACA12AL 3rd 0.245 30% 0.172 66% 0.167 0.169 0.1705 0.174 0.1755 0.177 0.1755 0.174 0.1705 0.169 0.167
1.1ACA12BL 3rd 0.245 30% 0.172 66% - - - - - - - - - - -
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Strip profile measurement (80 mm width)
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3. Low Carbon Steel – 1.3 – Dry – 3rd pass 
 
 
4. Low Carbon Steel – 1.3 – Lubricated – 3rd pass 
 
 
5. Aluminum – 1.3 – Dry – 3rd pass 
 
 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12A 3rd 0.245 30% 0.1715 66% 0.166 0.1695 0.1725 0.1765 0.1785 0.179 0.1785 0.1765 0.1725 0.1695 0.166
1.3AAA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3BAA12A 3rd 0.245 30% 0.1715 66% 0.1745 0.176 0.178 0.181 0.1825 0.183 0.1825 0.181 0.178 0.176 0.1745
1.3BAA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3CAA12A 3rd 0.245 30% 0.1715 66% 0.163 0.165 0.166 0.168 0.1695 0.17 0.1695 0.168 0.166 0.165 0.163
1.3CAA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3ABA12A 3rd 0.245 30% 0.1715 66% 0.164 0.167 0.169 0.1725 0.1745 0.175 0.1745 0.1725 0.169 0.167 0.164
1.3ABA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3ACA12A 3rd 0.245 30% 0.1715 66% 0.174 0.176 0.178 0.1805 0.1815 0.182 0.1815 0.1805 0.178 0.176 0.174
1.3ACA12B 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
Sa
m
p
le
 C
o
d
e
P
as
s 
N
o
.
In
it
ia
l t
h
ic
kn
e
ss
P
as
s 
re
d
u
ct
io
n
Ta
rg
e
t 
th
ic
kn
e
ss
O
ve
ra
ll
 r
e
d
u
ct
io
n
Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12AL 3rd 0.245 30% 0.1715 66% 0.1695 0.171 0.174 0.17625 0.17925 0.1795 0.17925 0.17625 0.174 0.171 0.1695
1.3AAA12BL 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3BAA12AL 3rd 0.245 30% 0.1715 66% 0.1745 0.17625 0.177 0.179 0.181 0.182 0.181 0.179 0.177 0.17625 0.1745
1.3BAA12BL 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3CAA12AL 3rd 0.245 30% 0.1715 66% 0.171 0.173 0.1735 0.17575 0.17575 0.17725 0.17575 0.17575 0.1735 0.173 0.171
1.3CAA12BL 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3ABA12AL 3rd 0.245 30% 0.1715 66% 0.167 0.16875 0.171 0.17375 0.1745 0.176 0.1745 0.17375 0.171 0.16875 0.167
1.3ABA12BL 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
1.3ACA12AL 3rd 0.245 30% 0.1715 66% 0.1735 0.17575 0.17625 0.179 0.18 0.1815 0.18 0.179 0.17625 0.17575 0.1735
1.3ACA12BL 3rd 0.245 30% 0.1715 66% - - - - - - - - - - -
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Strip profile measurement (80 mm width)
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-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12A 3rd 0.245 30% 0.1715 66% 0.169 0.17175 0.174 0.17525 0.17675 0.17775 0.17675 0.17525 0.174 0.17175 0.169
1.3AAA12B 3rd 0.245 30% 0.1715 66% 0.167 0.16975 0.171 0.172 0.1735 0.17475 0.1735 0.172 0.171 0.16975 0.167
1.3CAA12A 3rd 0.245 30% 0.1715 66% 0.17775 0.17875 0.1805 0.18125 0.18125 0.1815 0.18125 0.18125 0.1805 0.17875 0.17775
1.3CAA12B 3rd 0.245 30% 0.1715 66% 0.17575 0.17675 0.1785 0.17925 0.17925 0.1795 0.17925 0.17925 0.1785 0.17675 0.17575
1.3ACA12A 3rd 0.245 30% 0.1715 66% 0.1745 0.1745 0.1755 0.17825 0.1775 0.179 0.1775 0.17825 0.1755 0.1745 0.1745
1.3ACA12B 3rd 0.245 30% 0.1715 66% 0.176 0.176 0.177 0.1795 0.17925 0.181 0.17925 0.1795 0.177 0.176 0.176
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Strip profile measurement (80 mm width)
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6. Aluminum – 1.3 – Lubricated – 3rd pass 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA11AL 3rd 0.32 20% 0.256 49% 0.25325 0.25625 0.2565 0.25925 0.26025 0.26175 0.26025 0.25925 0.2565 0.25625 0.25325
1.3AAA11BL 3rd 0.32 20% 0.256 49% 0.2535 0.2555 0.257 0.259 0.2605 0.261 0.2605 0.259 0.257 0.2555 0.2535
1.3CAA11AL 3rd 0.32 20% 0.256 49% 0.2565 0.2575 0.258 0.2595 0.25975 0.26 0.25975 0.2595 0.258 0.2575 0.2565
1.3CAA11BL 3rd 0.32 20% 0.256 49% 0.25725 0.257 0.2585 0.25925 0.26 0.26025 0.26 0.25925 0.2585 0.257 0.25725
1.3ACA11AL 3rd 0.32 20% 0.256 49% 0.2595 0.25925 0.26025 0.263 0.2645 0.265 0.2645 0.263 0.26025 0.25925 0.2595
1.3ACA11BL 3rd 0.32 20% 0.256 49% 0.259 0.26 0.261 0.2625 0.2635 0.2645 0.2635 0.2625 0.261 0.26 0.259
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Strip profile measurement (80 mm width)
-35 -30 -25 -15 -5 0 5 15 25 30 35
1.3AAA12AL 3rd 0.245 30% 0.1715 66% 0.17375 0.1755 0.1755 0.1775 0.17975 0.17975 0.17975 0.1775 0.1755 0.1755 0.17375
1.3AAA12BL 3rd 0.245 30% 0.1715 66% 0.17175 0.1735 0.1735 0.1755 0.17775 0.17775 0.17775 0.1755 0.1735 0.1735 0.17175
1.3CAA12AL 3rd 0.245 30% 0.1715 66% 0.18 0.18025 0.18025 0.18125 0.182 0.18225 0.182 0.18125 0.18025 0.18025 0.18
1.3CAA12BL 3rd 0.245 30% 0.1715 66% 0.178 0.17825 0.17825 0.17925 0.18 0.18025 0.18 0.17925 0.17825 0.17825 0.178
1.3ACA12AL 3rd 0.245 30% 0.1715 66% 0.16875 0.16925 0.17025 0.1715 0.17125 0.17225 0.17125 0.1715 0.17025 0.16925 0.16875
1.3ACA12BL 3rd 0.245 30% 0.1715 66% 0.17125 0.17125 0.17225 0.1735 0.17325 0.17425 0.17325 0.1735 0.17225 0.17125 0.17125
Sa
m
p
le
 C
o
d
e
P
as
s 
N
o
.
In
it
ia
l t
h
ic
kn
e
ss
P
as
s 
re
d
u
ct
io
n
Ta
rg
e
t 
th
ic
kn
e
ss
O
ve
ra
ll
 r
e
d
u
ct
io
n
Strip profile measurement (80 mm width)
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Appendix C 
 
COLD ROLLING CROSS SECTION MICROSTRUCTURE RESULTS  
1. Speed ratio 1.1 – dry condition 
 Microstructure images for  low carbon steel (1st pass) 
 
Cross section microstructure of  dry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles 
 
Cross section microstructure ofdry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll shifting values 
 
 
Cross section microstructure of dry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and 8 mm work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles  
232 
 
 
 
Cross section microstructure of dry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 30% reduction and 0 work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll shifting values  
 
 
Cross section microstructure ofdry,1st pass rolled strip for speed ratio 1.1, 100 mm 
width, 30 rpm, 30% reduction and 0 work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll shifting values 
 
 
 
Cross section microstructure ofdry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 20 rpm, 30% reduction and 4 mm work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
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Cross section microstructure ofdry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 30% reduction and 4 mm work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
 
 
Cross section microstructure of dry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and 4 mm work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
 
 
 
Cross section microstructure of dry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles  
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Cross section microstructure of dry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 30% reduction and 4 mm work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
 
 
Cross section microstructure of dry,1st pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 30% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles  
 
 
 Microstructure images for  low carbon steel (2nd pass) 
 
Cross section microstructure of dry, 2nd  pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
° 
work roll cross angles 
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Cross section microstructure of dry, 2nd  pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll shifting values  
 
 Microstructure images for  low carbon steel (3rdpass) 
 
Cross section microstructure of dry, 3rd pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles 
 
 
Cross section microstructure of dry, 3rd pass rolled strip for speed ratio 1.1, 80 mm 
width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll shifting values 
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2. Speed ratio 1.1 – lubricated condition 
 Microstructure images for  low carbon steel (1st pass) 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting values  
 
 
Cross section microstructure oflubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 20% reduction and 8 mm work roll shifting and; (a) 0, (b) 0.5
°
 
and (c) 1
°
 work roll cross angles  
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Cross section microstructure oflubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 30% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll shifting values 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.1, 
100 mm width, 30 rpm, 30% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 
and (c) 1
°
 work roll shifting values 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 20 rpm, 30% reduction and 0 work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting 
 
238 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 30% reduction and 0 work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 30% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
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 Microstructure images for  low carbon steel (2nd pass) 
 
Cross section microstructure of lubricated, 2nd pass rolled strip for speed ratio 1.1, 
80 mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 
and (c) 1
° 
work roll cross angles  
  
 
Cross section microstructure of lubricated, 2nd pass rolled strip for speed ratio 1.1, 
80 mm width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 
mm and (c) 8 mm work roll shifting values 
 
 
 Microstructure images for  low carbon steel (3rd pass) 
 
Cross section microstructure of lubricated, 3rd pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles  
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Cross section microstructure oflubricated, 3rd pass rolled strip for speed ratio 1.1, 80 
mm width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting values 
 
 
3. Speed ratio 1.3 – dry condition 
 Microstructure images for  low carbon steel (1stpass) 
 
Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles 
 
Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0 , (b) 4 mm 
and (c) 8 mm work roll shifting values 
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Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and 8 mm work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
 
 
 
Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80mm 
width, 30rpm, 20% reduction and 0 work roll cross angle and; (a) 0, (b) 4mm and (c) 
8mm work roll shifting values 
 
 
 
Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 100 mm 
width, 30 rpm, 20% reduction and 0 work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll shifting values 
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Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 20 rpm, 20% reduction and 4 mm work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 
1
°
 work roll cross angles 
 
 
 
Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and 4 mm work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 
1
°
 work roll cross angles 
 
 
 
Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles  
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Cross section microstructure of dry, 1st pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 30% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles 
 
 
 Microstructure images for  low carbon steel (2ndpass) 
 
Cross section microstructure of dry, 2nd pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles 
 
 
 
Cross section microstructure of dry, 2nd pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll cross angles 
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 Microstructure images for  low carbon steel (3rd pass) 
 
Cross section microstructure of dry, 3rd pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 1
°
 
work roll cross angles  
 
 
Cross section microstructure of dry, 3rd pass rolled strip for speed ratio 1.3, 80 mm 
width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm and 
(c) 8 mm work roll cross angles 
 
 
4. Speed ratio 1.3 – lubricated condition 
 Microstructure images for  low carbon steel (1st pass) 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
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Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll cross angles 
 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction and 8 mm work roll shifting and; (a) 0, (b) 0.5
°
 
and (c) 1
°
 work roll cross angles  
 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction and 1
°
 work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting values 
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Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 30% reduction and 0 work roll shifting and; (a) 0, (b) 0.5
°
 and (c) 
1
°
 work roll cross angles 
 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 
100 mm width, 30 rpm, 30% reduction and 0 work roll shifting and; (a) 0, (b) 0.5
°
 
and (c) 1
°
 work roll cross angles 
 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 20 rpm, 30% reduction and 0
°
 work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting 
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Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 30% reduction and 0 work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll shifting  
 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
 
 
 
Cross section microstructure of lubricated, 1st pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 30% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
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 Microstructure images for  low carbon steel (2nd pass) 
 
Cross section microstructure of lubricated, 2nd pass rolled strip for speed ratio 1.3, 
80 mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 
and (c) 1
°
 work roll cross angles  
 
 
Cross section microstructure of lubricated, 2nd pass rolled strip for speed ratio 1.3, 
80 mm width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 
mm and (c) 8 mm work roll shifting values 
 
 
 Microstructure images for  low carbon steel (3rd pass) 
 
Cross section microstructure of lubricated, 3rd pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction and no work roll shifting and; (a) 0, (b) 0.5
°
 and 
(c) 1
°
 work roll cross angles 
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Cross section microstructure of lubricated, 3rd pass rolled strip for speed ratio 1.3, 80 
mm width, 30 rpm, 20% reduction and no work roll cross angle and; (a) 0, (b) 4 mm 
and (c) 8 mm work roll cross angles  
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Appendix D 
 
MATLAB™ CODES FOR CALCULATING THE ROLLING FORCE IN CASE OF 
DEFLECTION AND WITHOUT DEFLECTION 
 
1. Matlab code for calculating the rolling force without deflection (0 work roll cross 
angle) 
functionkarman 
clc; 
% define parameters - begin 
% d1 - upper work roll diameter, (mm);    d2 - lower work roll diameter, 
(mm) 
% h1 - entry thickness, (mm);    h2 - exit thickness, (mm) 
% w1 - entry width, (mm);    w2 - exit width, (mm) 
% e - reduction, (%) 
% delta - coefficient 
% alpha - cross angle, (degree) 
% y0 - yield stress, (MPa);  K - constrained yield stress, (kgf/mm^2) 
% n - external friction effect coefficient 
% xmu - friction coefficient 
% p - unit pressure, (kgf/mm^2) 
% p1 - theoretical rolling force, (N) 
% define parameters - end 
 
fprintf('You are running the von Karman program to calculate the rolling 
force (no front and back tensions are applied for this case)\n'); 
 
% input basic parameters - begin 
fprintf('Please enter the upper work roll diameter (mm)\n'); 
d1 = input('d1 = '); 
fprintf('Please enter the lower work roll diameter (mm)\n'); 
d2 = input('d2 = '); 
fprintf('Please enter the entry thickness of the workpiece (mm)\n'); 
h1 = input('h1 = '); 
fprintf('Please enter the exit thickness of the workpiece (mm)\n'); 
h2 = input('h2 = '); 
fprintf('Please enter the entry width of the workpiece (mm)\n'); 
w1 = input('w1 = '); 
fprintf('Please enter the exit width of the workpiece (mm)\n'); 
w2 = input('w2 = '); 
fprintf('Please enter the value of the friction coefficient\n'); 
xmu = input('xmu = '); 
fprintf('Please enter the cross angle (degree)\n'); 
alpha = input('alpha = '); 
% input basic parameters - end 
 
% calculate the reduction and the coefficient - begin 
e = (h1-h2)/h1; 
fprintf('The reduction is %0.2f\n',e); 
delta = xmu*sqrt(2*d1*d2/(d1+d2)/(h1-h2)); 
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fprintf('The coefficient delta is %0.2f\n',delta); 
% calculate the reduction and the coefficient - end 
 
% input the external friction effect coefficient and the yield stress - 
begin 
fprintf('Please enter the external friction effect coefficient\n'); 
n = input('n = '); 
fprintf('Please enter the yield stress (MPa)\n'); 
y0 = input('y0 = '); 
% input the external friction effect coefficient and the yield stress - 
end 
 
% claculate the rolling force - begin 
K = 1.15*y0/9.80665; 
p = K*n; 
a = (w1+w2)/2*sqrt(cosd(alpha)*d1*d2*(h1-h2)/(d1+d2)); 
p1 = a*p*9.80665; 
fprintf('The value of the theoretical rolling force is %10.4e N\n',p1); 
% claculate the rolling force - end 
 
% write the data to an Excel file - begin 
filename = 'Data.xlsx'; 
Data = {'Front tension (MPa)',0; 'Back tension (MPa)',0; 
'Upper work roll diameter (mm)',d1; 'Lower work roll diameter (mm)',d2; 
'Entry thickness of the workpiece (mm)',h1; 'Exit thickness of the 
workpiece (mm)',h2; 
'Entry width of the workpiece (mm)',w1; 'Exit width of the workpiece 
(mm)',w2; 
'Friction coefficient',xmu; 'Cross angle (degree)',alpha; 
'Reduction (%)',100*e; 'Coefficient delta',sprintf('%0.2f',delta); 
'external friction effect coefficient',n; 'Yield stress (MPa)',y0; 
'Theoretical rolling force (N)',round(p1)}; 
xlswrite(filename,Data) 
% write the data to an Excel file - end 
 
2. Matlab code for calculating the rolling force without deflection (0 work roll cross 
angle combined with 0, 4 and 8 mm work roll shifting values) 
functionkarman_shifting 
clc; 
% define parameters - begin 
% d1 - upper work roll diameter, (mm);    d2 - lower work roll diameter, 
(mm) 
% h1 - entry thickness, (mm);    h2 - exit thickness, (mm) 
% w1 - entry width, (mm);    w2 - exit width, (mm) 
% L - work roll length, (mm);    l - length of the contact portion of the 
work roll, (mm) 
% e - reduction, (%) 
% delta - coefficient 
% y0 - yield stress, (MPa);  K - constrained yield stress, (kgf/mm^2) 
% n - external friction effect coefficient 
% xmu - friction coefficient 
% p - unit pressure, (kgf/mm^2) 
% p1 - theoretical rolling force, (N) 
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% define parameters - end 
 
fprintf('You are running the von Karman program to calculate the rolling 
force (no front and back tensions are applied for this case)\n'); 
 
% input basic parameters - begin 
fprintf('Please enter the upper work roll diameter (mm)\n'); 
d1 = input('d1 = '); 
fprintf('Please enter the lower work roll diameter (mm)\n'); 
d2 = input('d2 = '); 
fprintf('Please enter the entry thickness of the workpiece (mm)\n'); 
h1 = input('h1 = '); 
fprintf('Please enter the exit thickness of the workpiece (mm)\n'); 
h2 = input('h2 = '); 
fprintf('Please enter the entry width of the workpiece (mm)\n'); 
w1 = input('w1 = '); 
fprintf('Please enter the exit width of the workpiece (mm)\n'); 
w2 = input('w2 = '); 
fprintf('Please enter the work roll length (mm)\n'); 
L = input('L = '); 
fprintf('Please enter the length of the contact portion of the work roll 
(mm)\n'); 
l = input('l = '); 
fprintf('Please enter the value of the friction coefficient\n'); 
xmu = input('xmu = '); 
% input basic parameters - end 
 
% calculate the reduction and the coefficient - begin 
e = (h1-h2)/h1; 
fprintf('The reduction is %0.2f\n',e); 
delta = xmu*sqrt(2*d1*d2/(d1+d2)/(h1-h2)); 
fprintf('The coefficient delta is %0.2f\n',delta); 
% calculate the reduction and the coefficient - end 
 
% input the external friction effect coefficient and the yield stress - 
begin 
fprintf('Please enter the external friction effect coefficient\n'); 
n = input('n = '); 
fprintf('Please enter the yield stress (MPa)\n'); 
y0 = input('y0 = '); 
% input the external friction effect coefficient and the yield stress - 
end 
 
% claculate the rolling force - begin 
K = 1.15*y0/9.80665; 
p = K*n; 
a = (w1+w2)/2*sqrt(d1*d2*(h1-h2)/(d1+d2)); 
p1 = l*a*p*9.80665/L; 
fprintf('The value of the theoretical rolling force is %10.4e N\n',p1); 
% claculate the rolling force - end 
 
% write the data to an Excel file - begin 
filename = 'Data_shifting.xlsx'; 
Data = {'Front tension (MPa)',0; 'Back tension (MPa)',0; 
'Upper work roll diameter (mm)',d1; 'Lower work roll diameter (mm)',d2; 
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'Entry thickness of the workpiece (mm)',h1; 'Exit thickness of the 
workpiece (mm)',h2; 
'Entry width of the workpiece (mm)',w1; 'Exit width of the workpiece 
(mm)',w2; 
'Work roll length (mm)',L; 'Length of the contact portion of the work 
roll (mm)',l; 
'Friction coefficient',xmu; 'Reduction (%)',100*e; 'Coefficient 
delta',sprintf('%0.2f',delta); 
'external friction effect coefficient',n; 'Yield stress (MPa)',y0; 
'Theoretical rolling force (N)',round(p1)}; 
xlswrite(filename,Data) 
% write the data to an Excel file - end 
 
3. Matlab code for calculating the rolling force with deflection (0 work roll cross angle 
combined with 0, 4 or 8 mm shifting) 
functionkarman 
clc; 
% define parameters - begin 
% d1 - upper work roll diameter, (mm);    d2 - lower work roll diameter, 
(mm) 
% h1 - entry thickness, (mm);    h2 - exit thickness, (mm) 
% w1 - entry width, (mm);    w2 - exit width, (mm) 
% e - reduction, (%) 
% delta - coefficient 
% alpha - cross angle, (degree) 
% y0 - yield stress, (MPa);  K - constrained yield stress, (kgf/mm^2) 
% n - external friction effect coefficient 
% xmu - friction coefficient 
% p - unit pressure, (kgf/mm^2) 
% p1 - theoretical rolling force, (N) 
% define parameters - end 
 
fprintf('You are running the von Karman program to calculate the rolling 
force (no front and back tensions are applied for this case)\n'); 
 
% input basic parameters - begin 
fprintf('Please enter the upper work roll diameter (mm)\n'); 
d1 = input('d1 = '); 
fprintf('Please enter the lower work roll diameter (mm)\n'); 
d2 = input('d2 = '); 
fprintf('Please enter the entry thickness of the workpiece (mm)\n'); 
h1 = input('h1 = '); 
fprintf('Please enter the exit thickness of the workpiece (mm)\n'); 
h2 = input('h2 = '); 
fprintf('Please enter the entry width of the workpiece (mm)\n'); 
w1 = input('w1 = '); 
fprintf('Please enter the exit width of the workpiece (mm)\n'); 
w2 = input('w2 = '); 
fprintf('Please enter the new contact length (mm)\n'); 
l1 = input('l1 = '); 
fprintf('Please enter the value of the friction coefficient\n'); 
xmu = input('xmu = '); 
fprintf('Please enter the cross angle (degree)\n'); 
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alpha = input('alpha = '); 
% input basic parameters - end 
 
% calculate the reduction and the coefficient - begin 
e = (h1-h2)/h1; 
fprintf('The reduction is %0.2f\n',e); 
delta = xmu*sqrt(2*d1*d2/(d1+d2)/(h1-h2)); 
fprintf('The coefficient delta is %0.2f\n',delta); 
% calculate the reduction and the coefficient - end 
 
% input the external friction effect coefficient and the yield stress - 
begin 
fprintf('Please enter the external friction effect coefficient\n'); 
n = input('n = '); 
fprintf('Please enter the yield stress (MPa)\n'); 
y0 = input('y0 = '); 
% input the external friction effect coefficient and the yield stress - 
end 
 
% claculate the rolling force - begin 
K = 1.15*y0/9.80665; 
p = K*n; 
a = (w1+w2)/2*l1; 
p1 = a*p*9.80665; 
fprintf('The value of the theoretical rolling force is %10.4e N\n',p1); 
% claculate the rolling force - end 
 
% write the data to an Excel file - begin 
filename = 'Data.xlsx'; 
Data = {'Front tension (MPa)',0; 'Back tension (MPa)',0; 
'Upper work roll diameter (mm)',d1; 'Lower work roll diameter (mm)',d2; 
'Entry thickness of the workpiece (mm)',h1; 'Exit thickness of the 
workpiece (mm)',h2; 
'Entry width of the workpiece (mm)',w1; 'Exit width of the workpiece 
(mm)',w2; 
'Friction coefficient',xmu; 'Cross angle (degree)',alpha; 
'Reduction (%)',100*e; 'Coefficient delta',sprintf('%0.2f',delta); 
'external friction effect coefficient',n; 'Yield stress (MPa)',y0; 
'Theoretical rolling force (N)',round(p1)}; 
xlswrite(filename,Data) 
% write the data to an Excel file – end 
 
 
4. Matlab code for calculating the rolling force (with and without  deflection) for 0.5° 
and 1° work roll cross angle 
function iteration_crossangle05_updated 
clc; 
 
rectangle = 145.176; 
y0 = 520; 
n = 1.05; 
 
% F = @(x)901.7*x.^2-414.3*x+40.43; 
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% F = @(x)45.52*exp(-((x+0.03784)/0.1026).^2); 
% F = @(x)(-77.59*x+10.79)./(x+0.2655); 
F = @(x)43.26*exp(-13.49*x); 
 
tt = []; 
corner_tt = []; 
area_tt = []; 
p1_tt = []; 
% p1 = []; 
diff_tt = []; 
 
diff1_tt = []; 
diff2_tt = []; 
num = 0; 
 
for t=0:0.0001:0.8 
corner = quad(F,0,t); 
corner = corner*4; 
corner_tt = [corner_tt,corner]; 
area = rectangle-corner; 
tt = [tt,t]; 
%     corner_tt = [corner_tt,corner]; 
area_tt = [area_tt,area]; 
 
    K = 1.15*y0/9.80665; 
    p = K*n; 
    p1 = area*p*9.80665; 
    p1_tt = [p1_tt,p1]; 
 
num = num+1; 
 
end 
 
fori=2:num 
diff = abs(p1_tt(i)-p1_tt(i-1)); 
diff_tt = [diff_tt,diff]; 
end 
 
fori=2:num 
    diff1 = abs(corner_tt(i)-corner_tt(i-1)); 
    diff1_tt = [diff1_tt,diff1]; 
end 
 
fori=2:num 
    diff2 = abs(area_tt(i)-area_tt(i-1)); 
    diff2_tt = [diff2_tt,diff2]; 
end 
 
% for i=1:1:num-1 
%     fprintf = (p1(num-1)) 
% end 
 
closeall 
figure 
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% plot(tt,corner_tt); 
% plot(tt,area_tt); 
plot(tt,p1_tt); 
xlabel('Location of point A (mm)'); 
% ylabel('corner area mm^2'); 
% ylabel('contact area mm^2'); 
ylabel('Rolling force (N)'); 
 
figure 
plot(tt,area_tt); 
xlabel('Location of point A (mm)'); 
ylabel('Contact area (mm^2)'); 
 
% figure 
% plot(area_tt,p1_tt); 
% set(gca,'XDir','reverse'); 
% xlabel('Contact area (mm^2)'); 
% ylabel('Rolling force (N)'); 
 
figure 
plot(diff_tt); 
xlabel('Number of times of iteration'); 
ylabel('Difference between two calculations for rolling force (N)'); 
 
figure 
plot(diff1_tt); 
xlabel('Number of times of iteration'); 
ylabel('Difference between two calculations for area of four corners 
(mm^2)'); 
 
figure 
plot(diff2_tt); 
xlabel('Number of times of iteration'); 
ylabel('Difference between two calculations for contact area (mm^2)'); 
 
 
5. Matlab code for calculating the rolling force (with and without  deflection) for 
combined work roll cross angle and work roll shifting value  
functioniteration_combination 
clc; 
 
rectangle = 145.176; 
y0 = 520; 
n = 1.05; 
l = 241; 
L = 249; 
 
% F = @(x)901.7*x.^2-414.3*x+40.43; 
% F = @(x)45.52*exp(-((x+0.03784)/0.1026).^2); 
% F = @(x)(-77.59*x+10.79)./(x+0.2655); 
F = @(x)43.26*exp(-13.49*x); 
 
tt = []; 
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corner_tt = []; 
area_tt = []; 
p1_tt = []; 
% p1 = []; 
diff_tt = []; 
diff1_tt = []; 
diff2_tt = []; 
num = 0; 
 
for t=0:0.0001:0.8 
corner = quad(F,0,t); 
corner = corner*4; 
corner_tt = [corner_tt,corner]; 
area = rectangle-corner; 
tt = [tt,t]; 
%     corner_tt = [corner_tt,corner]; 
area_tt = [area_tt,area]; 
 
    K = 1.15*y0/9.80665; 
    p = K*n; 
    p1 = area*p*9.80665*l/L; 
    p1_tt = [p1_tt,p1]; 
 
num = num+1; 
 
end 
 
fori=2:num 
diff = abs(p1_tt(i)-p1_tt(i-1)); 
diff_tt = [diff_tt,diff]; 
end 
 
fori=2:num 
    diff1 = abs(corner_tt(i)-corner_tt(i-1)); 
    diff1_tt = [diff1_tt,diff1]; 
end 
 
fori=2:num 
    diff2 = abs(area_tt(i)-area_tt(i-1)); 
    diff2_tt = [diff2_tt,diff2]; 
end 
 
% for i=1:1:num-1 
%     fprintf = (p1(num-1)) 
% end 
 
closeall 
figure 
% plot(tt,corner_tt); 
% plot(tt,area_tt); 
plot(tt,p1_tt); 
xlabel('Location of point A (mm)'); 
% ylabel('corner area mm^2'); 
% ylabel('contact area mm^2'); 
ylabel('Rolling force (N)'); 
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figure 
plot(tt,area_tt); 
xlabel('Location of point A (mm)'); 
ylabel('Contact area (mm^2)'); 
 
% figure 
% plot(area_tt,p1_tt); 
% set(gca,'XDir','reverse'); 
% xlabel('Contact area (mm^2)'); 
% ylabel('Rolling force (N)'); 
 
figure 
plot(diff_tt); 
xlabel('Number of times of iteration'); 
ylabel('Difference between two calculations for rolling force (N)'); 
 
figure 
plot(diff1_tt); 
xlabel('Number of times of iteration'); 
ylabel('Difference between two calculations for area of four corners 
(mm^2)'); 
 
figure 
plot(diff2_tt); 
xlabel('Number of times of iteration'); 
ylabel('Difference between two calculations for contact area (mm^2)'); 
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Appendix E 
 
CALCULATION OF THE CONTACT LENGTH FOR 0
o
 WORK ROLL CROSS 
ANGLE (WITH CONSIDERATION OF DEFLECTION) 
Calculating the contact length for speed ratio 1.1, 20% reduction 
Please note that the rolling force P  is representing the rolling force results that have been 
obtained previously from the case of without deflection. 
1. (1.1AAA11) 
2
1.1,20% 0 0( )l R h Ax Ax      
0.0057 0.0057
1.6055 1.6055 1.633373
0.0045 0.0045 0.2
A

    
 
 
2 2
1
2
1
1 14 4
2
2 91000 1 (0.27)
0.002857
0.08 (235000)
roll roll
roll roll
V VP P
B b E b E 

 
    

 
   
 
22
2
2
2
114 4
2
2 91000 1 (0.29)
0.003316
0.08 (200000)
striproll
roll strip
VVP P
B b E b E 


    

 
   
 
1 2 1 2
0 1 2 1 2 1 2
1 2 1 2
2 ( ) 2 ( ) ( )
63*69 4347
(0.002857 0.003316) (0.006173) 0.2033 0.4509
63 69 132
R R D D
x R
R R D D
           
 
    

 
2 21 2
0 0 0 0
1 2
2
( ) ( )
31.5*34.5
(0.5 0.4) (1.633373 0.4509) (1.633373 0.4509) 2.2160
31.5 34.5
R R
l R h Ax Ax h Ax Ax
R R
l
        

       

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Please note that the same method has been used to calculate the contact length for the rest 
of the samples of no work roll cross angle with consideration of deflection (flattening), 
including speed ratios 1.1, 1.2 and 1.3 and 20% and 30% reductions. 
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Appendix F 
 
SUMMARY OF THE CALCULATED ROLLING FORCE COMPARED TO EXPERIMENTAL ROLLING FORCE AND 
ROLLING TORQUE 
 
Torque has a relationship with rolling force, so that torque changes as the rolling force change. 
Pease note that the rolling torque can be estimated by [113]: T = Fa ⇒0.5*F*L 
where:  
T = rolling torque (N.m)  
F = rolling force  
a = L/2 
L = contact length 
 
 
 
 
 
261 
 
 
 
 
 
Table1: rolling force results in case of deflection and without deflection compared to the experimental rolling force results for speed 
ration 1.1 and 20% reduction. 
 
Table2: rolling force results in case of deflection and without deflection compared to the experimental rolling force results for speed 
ratio 1.1 and 30% reduction. 
 
 
Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque
80 mm 1.1AAA11 111.39 111.3 0.00081 100.988 1.1ABA11 107.39 107 0.0036 97.086 1.1ACA11 106.11 102.5 0.034 93.0034
width 1.1BAA11 106.19 101.6 0.04321 92.187 1.1BBA11 105.85 98.4 0.0704 89.28 1.1BCA11 104.03 95 0.087 86.198
1.1CAA11 100.73 93.8 0.0688 85.11 1.1CBA11 102.46 91 0.112 82.57 1.1CCA11 99.424 87.9 0.116 79.756
100 mm 1.1AAB11 126.06 139.2 0.0944 126.303 1.1ABB11 122.75 133.6 0.0812 121.22 1.1ACB11 121.64 128 0.0497 116.141
width 1.1BAB11 122.86 127 0.0326 115.233 1.1BBB11 120.11 123 0.0235 111.6 1.1BCB11 117.31 118.8 0.0125 107.79
1.1CAB11 118.27 117.4 0.00736 106.523 1.1CBB11 116.35 113.5 0.0245 102.98 1.1CCB11 111.49 109.9 0.0143 99.72
Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque
80 mm 1.1AAA12 134.75 135.6 0.00627 150.69 1.1ABA12 134.37 130.2 0.031 144.69 1.1ACA12 132.31 125 0.055 138.9
width 1.1BAA12 130.56 123.7 0.0525 137.47 1.1BBA12 133.45 119.8 0.1023 133.13 1.1BCA12 131.75 115.8 0.1211 128.69
1.1CAA12 121.63 114 0.063 126.69 1.1CBA12 122.07 111 0.091 123.35 1.1CCA12 121.16 107.4 0.1136 119.35
100 mm 1.1AAB12 154.33 169.5 0.09 188.36 1.1ABB12 152.27 162.8 0.0647 180.92 1.1ACB12 152.02 156.2 0.0268 173.58
width 1.1BAB12 149.94 154.6 0.03 171.81 1.1BBB12 147.67 149.8 0.0142 166.47 1.1BCB12 144.44 144.8 0.0025 160.92
1.1CAB12 148.98 143 0.04 158.9 1.1CBB12 145.87 138.5 0.0505 153.92 1.1CCB12 140.12 133.5 0.047 148.36
262 
 
 
 
 
 
Table3: rolling force results in case of deflection and without deflection compared to the experimental rolling force results for speed 
ration 1.2 and 20% reduction. 
 
Table 4: rolling force results in case of deflection and without deflection compared to the experimental rolling force results for speed 
ratio 1.2 and 30% reduction. 
 
 
Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque
80 mm 1.2AAA11 - 107.7 99.94 1.1ABA11 - 103.5 96.043 1.1ACA11 - 99.2 92.053
width 1.2BAA11 - 98.2 91.125 1.1BBA11 - 95 88.155 1.1BCA11 - 92 85.37
1.2CAA11 - 91 84.44 1.1CBA11 - 88 81.66 1.1CCA11 - 85 78.87
100 mm 1.2AAB11 - 134.7 124.995 1.1ABB11 - 129.3 119.98 1.1ACB11 - 124 115.066
width 1.2BAB11 - 122.6 113.77 1.1BBB11 - 119 110.43 1.1BCB11 - 115 106.714
1.2CAB11 - 113.5 105.32 1.1CBB11 - 110 102.07 1.1CCB11 - 106.5 98.83
Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque
80 mm 1.2AAA12 - 132.7 150.82 1.1ABA12 - 127.5 144.91 1.1ACA12 - 122.3 139
width 1.2BAA12 - 121 137.52 1.1BBA12 - 117.2 133.2 1.1BCA12 - 113.2 128.66
1.2CAA12 - 112.2 127.521 1.1CBA12 - 108.5 123.32 1.1CCA12 - 105 119.34
100 mm 1.2AAB12 - 166 188.67 1.1ABB12 - 159.4 181.17 1.1ACB12 - 153 173.89
width 1.2BAB12 - 151.3 171.96 1.1BBB12 - 146.6 166.62 1.1BCB12 - 141.7 161.05
1.2CAB12 - 140 159.12 1.1CBB12 - 135.2 153.66 1.1CCB12 - 131.7 149.684
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Table5: rolling force results in case of deflection and without deflection compared to the experimental rolling force results for speed 
ration 1.3 and 20% reduction. 
 
Table6: rolling force results in case of deflection and without deflection compared to the experimental rolling force results for speed 
ration 1.3 and 30% reduction. 
 
Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque
80 mm 1.3AAA11 104.95 102.5 0.02334 96.73 1.1ABA11 106.32 98.5 0.0736 92.96 1.1ACA11 104.95 94.5 0.0996 89.184
width 1.3BAA11 97.88 93.5 0.04475 88.241 1.1BBA11 100.51 90.5 0.0996 85.41 1.1BCA11 96.64 87.5 0.0946 82.578
1.3CAA11 92.06 86.3 0.06257 81.446 1.1CBA11 95.51 83.9 0.12156 79.18 1.1CCA11 85.68 81 0.055 76.44
100 mm 1.3AAB11 123.12 128.2 0.0396 120.99 1.1ABB11 121.79 123 0.00984 116.08 1.1ACB11 120.92 118 0.024 111.36
width 1.3BAB11 114.15 117 0.0244 110.42 1.1BBB11 109.99 113.2 0.02836 106.83 1.1BCB11 108.46 109.4 0.0086 103.246
1.3CAB11 109.49 107.7 0.01635 101.642 1.1CBB11 102.72 104.5 0.017 98.622 1.1CCB11 95.89 101 0.051 95.32
Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque Sample Experi. Defl Error Torque
80 mm 1.3AAA12 131.57 128.8 0.0211 148.87 1.1ABA12 130.69 123.8 0.053 143.09 1.1ACA12 129.26 118.7 0.082 137.199
width 1.3BAA12 120.81 117.5 0.0274 135.812 1.1BBA12 128.08 113.8 0.1115 131.54 1.1BCA12 126.9 110 0.1332 127.14
1.3CAA12 116.01 108.2 0.067 125.063 1.1CBA12 125.25 105 0.1617 121.36 1.1CCA12 115.07 102 0.1136 117.89
100 mm 1.3AAB12 150.62 161 0.0645 186.092 1.1ABB12 149.69 154.7 0.0324 178.81 1.1ACB12 148.9 148.4 0.00336 171.53
width 1.3BAB12 146.71 146.8 0.001 169.68 1.1BBB12 145.19 142 0.022 164.13 1.1BCB12 143.35 137.4 0.0415 158.814
1.3CAB12 144.1 136 0.056 157.19 1.1CBB12 141.58 132 0.0677 152.57 1.1CCB12 138.02 127.3 0.0777 147.14
264 
 
 
 
 
 
 
